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INTRODUCTION 
A great deal of effort and man power has been used in 
delving into the complex relationships involved in all aspects 
of soil and its uses. Whether it be for the use as a founda­
tion, earthen dam, roadway or for the support of plant life, 
soil has evaded complete understanding and control. This 
lack of understanding manifests itself in the form of so 
called "safety factors" which leads to uneconomical costs. 
Soil physical properties can vary a great deal from 
location to location. These properties also change at each 
location with respect to the depth at which the sample was 
taken, history of any disturbance of the soil structure and 
drainage conditions at the location. Thus the prediction of 
the forces necessary for manipulation of the soil or its 
structural strength becomes a complex function of the many 
variables. 
Practically every problem in the field of soil engineer­
ing involves the shearing strength of the soil, that is the 
ability of the soil to resist sliding along internal surfaces 
within the soil mass. A definite value for the shearing 
strength of a particular soil is difficult to obtain. 
...shearing strength is not an intrinsic property 
of a given soil, but varies over a considerable range 
with varying conditions, such as density, moisture 
content, and degree of consolidation. ($4, p. 301) 
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From this partial list of variables it can be seen that the 
condition of the soil must be known before any estimates of 
its shear strength can be made. 
As larger power units are utilized in the area of soil 
tillage in agriculture and in earth moving projects, soil 
manipulation is done at higher speeds. Another factor is 
thus added to the prediction of the shearing strength of the 
soil as related to the probable draft of a given piece of 
equipment. This factor is the strain rate effect on the 
ability of soils to resist shear. That is, does the soil 
strength change when the shearing occurs at different rates? 
It is known, for instance, that the draft for primary tillage 
is found to vary as the speed of the operation to a power 
between 1 and 2 (2, 36). 
The increased draft would be partly due to the increased 
acceleration of the soil. There are indications that at 
higher speeds the soil blocks in front of the tillage tool 
may be larger, thus offering more resistance to shear, or 
the sliding surfaces (soil to metal and soil to soil) are 
longer, therefore, offering higher resistance to the tillage 
tool (52). Another factor is the possibility that the soil 




The purpose of this study is to investigate one area in 
the broad field of predicting soil behavior. The particular 
area of interest is the magnitude of soil shearing stress 
change with change in the loading velocity. 
The objectives are; 
1) To determine whether the shearing strength of a 
cohesive soil is dependent upon the loading 
velocity or "strain rate". 
2) To determine an equation relating the soil 
shearing stress to the loading velocity and 
other variables. 
3) To determine if there is a sample size effect. 
If 
REVIEW OF SELECTED LITERATURE 
For a better understanding of the nature of soils and 
the reaction of soil to different forces, three areas were 
reviewed. Research on soil strength tests for a range of 
loading velocities, model studies involving soils, and 
discussions regarding the shearing process of soils were the 
areas reviewed. 
Review of Literature on 
Soil Strain Rate Tests 
Considerable work has been done on the relationship of 
shearing stresses as a function of strain rate (loading 
velocity divided by the specimen length expressed as a 
percent per second for a triaxial test (6*+)) in the last 5 
years. Some of this work was instigated by interest in 
explosive loadings on foundations and traffic mobility of 
military vehicles over rough terrain. This work has been 
mainly supported through government contracts. 
The variation in the shear strength with the increase or 
decrease in the rate of loading was first discussed by 
A. Collin (13) as early as 1846. In the review by Housel 
(23) the soil strength values did vary a great deal between 
a slowly applied load and rapid loading. One researcher 
reported a 2^% increase in shear strength for a load applied 
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in h minutes as compared to an 8 day loading time period, 
another reported an increase of 1.4 to 2,6 times with the 
time of loading varying from 0.02 seconds to 10 minutes, 
respectively. Another researcher (62, p, 208) reported the 
following observation: 
It was observed that when a soil was tested 
both with and without lateral confining pressure, 
the unconfined samples generally exhibited a 
greater strain rate affect than did the confined 
samples. It was further observed that when 
unconfined samples failed by splitting or 
developing shear planes, the peak resistance 
appeared at a much larger strain in rapid tests 
than was the case in slow tests. On the other 
hand, when samples were subjected to lateral 
pressure, the strain required to develop peak 
resistance was almost independent of the time 
of loading. 
This Implies that there might be situations where rapid 
rates of loading are not as important. This then brings up 
the question of which situation exists in the field. In most 
cases the soil in question would be confined by the soil mass 
on most sides, but the nature of support would differ from 
that artificially supplied in the triaxial test, thus the 
results of a confined triaxial test may not be directly 
comparable to the field situation. The pore water pressure 
would be retained in the rubber membrane of a triaxial test, 
while it probably would be partially dissipated into the 
surrounding soil mass in the field. 
From work on a sensitive marine clay, Crawford (l4, 
p. 36) reports these findings: 
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The stress and pore water pressure at failure depend 
upon rate of strain. It is suggested that a breakdown 
of soil structure determines the level of pore water 
pressure. On a Mohr diagram it is shown that the 
failure envelope in terms of effective stresses is 
dependent on rate of strain application,.... 
Gibbs, et a2. (19) give further indication of the lack 
of a linear relationship. 
For example it was noted in the routine testing 
of cohesive soils that the failure envelope was curved 
rather than straight, as was suspected from Coulomb's 
equation. In attempting to account for this behavior 
it was found that this curvature was influenced by the 
testing rate, the length of time prior to testing that 
the preconsolidating load was applied, and by the 
thickness of the sample. (19, p. 503) 
Nash and Dixon C+l) report on a study of rapid triaxial 
tests on sand in which the type of failure changed with the 
strain rate. Although their main concern was with pore 
pressures, they also recorded the deviator stress. The 
strain rates were 8000%/min. with a 1 1/2 in. diameter by 
2 3/+ in. sample. Therefore the loading speed was 3 2/3 
in./sec. A mirror galvonometer with light sensitive paper 
was used to record all signals. At the standard rate of 
2^/min, "marked coJlapses" were recorded which showed a 
progressive failure while at the higher strain rate these 
did not occur and all the collapse took place when the peak 
was reached. 
Hough (21) states in his text that the development of 
shearing resistance of cohesionless soils has been found to be 
relatively independent of the rate of shearing displacement. 
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However, In a later discussion of true clays (particles of 
0.002 mm. diameter and smaller) he discusses strain-controlled 
tests in which different displacement rates are used. 
From such tests it has been found that the 
resistance developed by saturated clay specimens 
is, to some degree, proportional to the rate of 
shear. Authorities differ as to the magnitude of 
this effect. It seems to be generally agreed, 
however, that the effect is consistent. There is 
some evidence that it is normally of the order of 
about 20 to 25 percent. (21, p. 156) 
Hough (21) relates that for direct shear tests it is 
common to use a shearing force in such a manner that the 
shearing displacement occurs at a constant rate. An often 
used rate is 0.05 in./min. 
Tschebotarioff (60) found that tests indicated there 
was a difference between drained and undrained tests with 
regard to strain rate effects. If moisture is allowed to 
drain from the specimen as it consolidates prior to shear 
failure then the highest shearing strength values are 
obtained with the slower tests. However, the opposite is 
found to be true for undrained tests. 
...in the case of undrained tests, where no decrease 
of water content, that is, no consolidation is 
permitted. In such cases the so-called creep or plastic 
flow effects appear to exercise a predominant influence 
on the results of shear tests with undrained, saturated, 
cohesive soils. The resistance to a slowly applied 
shearing stress under the above conditions may there­
fore be found to be appreciably smaller than the 
resistance to a rapidly applied shearing stress. 
(60, p. 1^6) 
Taylor (56) includes a short section in his text book on 
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"Effects of Speed of Shear", He makes the statement that all 
viscous materials and all plastic materials exhibit a 
resistance to shearing strain that varies with the rate of 
the shearing strain. He feels it is the plastic structural 
resistance in clays that cause it to exhibit strain rate 
effects. Taylor refers to some work which he did in 19^-2 
(56, p. 378) 
...which indicates that the plastic resistance at 
any given speed of shear in a given clay at various 
densities is approximately proportional to the 
intergranular pressure. On the basis of this 
relationship and the assumption that the plastic 
resistance depends only on the intergranular 
pressure and the speed of shear, eq 15-3 (Coloumb's 
Equation) may be extended to the following 
expression: 
"t) C 
s = (0^2 + p^) [tan 0 + f 
in which C g designates the shearing strain. 
Where Pj_ tan 0 equals the cohesion and equals the 
intergranular pressure, s is the unit shearing strength and 
tan 0 is the true angle of internal friction. Assuming that 
the intergranular pressure or normal pressure is zero 
the equation becomes; 
s = Pi tan 0+Pi f (-|-p) 
or s = c + p^ f (2^) . 
Which implies that the true cohesion of a soil is not 
affected by the strain rate although the soil strength is 
still affected by strain rate with zero normal pressure. 
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Massachusetts Institute of Technology has done a con­
siderable amount of work in testing the effect of strain 
rates with triaxial tests on sands, saturated clays and 
loess (32, 33, 35, ^ 5, 62, 63, 6k), They have also done 
some work in the area of one dimensional compression and 
wave velocity tests (3^). 
The outlook of the research at M.I.T. is indicated in 
the following statement: 
The long range objective of the research under 
this contract is the determination and explanation by 
laboratory tests and theoretical analysis of the 
behavior of cohesive and noncohesive soils when 
subjected to transient loadings, and the effect of 
basic soil properties on this behavior. (33, p. 1) 
The first contract for this program was in 1951 and 
apparently continues as there are 21 reports dealing with the 
general area of the response of soils to dynamic loadings 
with the 21st report in Oct. 1963. 
The authors of Report No. 3 (33, p. 15) have made a 
general summary of the data they reviewed as follows where 
the strain rate effect is the percent increase in soil 
strength between strain rates of O.O3 and 1000 percent per 
second; 
(a) Dry, granular soils showed little (30^) or no 
strain-rate effect. 
(b) Saturated, granular soils show widely different 
strain-rate effects depending upon the drainage 
condition, 
(1) A large (100^) strain-rate effect when 
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sheared with drainage possible, owing to the 
fact that there actually is no drainage in 
fast tests. 
(2) Course sands have no strain-rate effect when 
sheared without drainage. 
(3) Fine sands show a large (100^) strain-rate 
effect when sheared without drainage. 
(4) Clayey soils showed strain-rate effects which 
vary from moderate (30# to 100%) to large 
(100#). 
The above quote was based on a review of literature with 
the main information coming from work by Casagrande and 
Shannon in (8) 19^8, Seed and Lundgren in 195^ and from work 
done at M.I.T. in 1953 and 195^. The authors also indicate 
that any attempt to explain the variation in strain rate 
effect between different clayey soils has met with little 
success. 
There seems to be a general pattern of greater strain 
rate effect when the soil sample fails suddenly, while there 
is less effect for the wetter more viscous soils which tend 
to deform in a plastic fashion. If there was sudden failure 
the sample had planes of complete fracture while with the 
plastic failure the material remained intact. The unknown 
characteristics which determined the type of failure seemed 
to depend upon pore pressure. 
Where the pore pressures which existed at failure 
were positive or slightly negative, the plastic type 
of behavior generally was encountered. On the other 
hand, where large negative values of pore pressure 
existed at failure, the brittle type of failure 
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generally occurred. (33, p. 22) 
The authors (33) also state that if enough confining pressure 
is applied, thus assuring positive pore pressure, a plastic 
type of failure occurred which was less susceptible to strain 
rate effects. But there was also a series of unconfined 
compression tests in which the sample split during slow 
tests and simply bulged during the fast test. Thus the 
confining pressures in the field of the sample being tested 
would be of great significance with regard to the type of 
failure and the corresponding strength. 
In the 1959 report (33) there are two statements with 
regard to the series of tests on dry sands. The shear 
strength changed less than 3% as the loading time changed 
from 10 minutes to 10 milliseconds when dry Ottawa sand was 
tested. It was also noticed that the shear strength decreased 
slightly and then increased as strain rates were increased. 
One explanation for the appearance of this 
phenomenon in dry sands would be that there are two 
opposed effects involved, and each is dominant in 
a particular time range. These two effects are: 
(1; as the duration of the test becomes longer, the 
sand grains have time to fall into a more stable and 
denser packing and hence the strength increases; and 
(2) as the duration decreases it is harder for sand 
grains to slip past one another and hence the strength 
increases. (33, p. 150) 
In later work (6^) on dry and saturated sands, the 
equipment was improved so that a wider range of strain rates 
could be attained and recorded. Loading velocities varied 
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from 0.01 in./sec, to 20 in./sec. although slower than the 
first series (4-0 in./sec. to 100 in./sec. and 0.1 in./sec. to 
10 in./sec.), the authors were more satisfied with the 
recording equipment. The loading system was allowed to move 
1 inch to accelerate before coming into contact with specimen 
cap. At certain speeds stress waves caused some interference 
in the loading signal. On this series of tests emphasis was 
placed on the change of the internal friction angle and on 
pore pressure measurements in the saturated samples. 
The friction angle was found to vary less than 10^ as 
the time to failure was decreased from 5 min, to 5 milli­
seconds, There was considerable scatter of the data and the 
authors felt that the variation would even be less if the 
scatter could have been eliminated. The undrained compressive 
strength of sand varied with time to failure thus the pore 
water pressure must have been time dependent since the 
friction angle was not time dependent. 
On ^3 triaxial tests run on compacted fat clay with the 
molding water contents varying from 19 percent to k2 percent, 
a number of the tests had two peaks. The second peak was 
higher and occurred at larger strains. The plateau became 
less and less as higher molding water contents were used. 
It was thought that the confining membrane might have caused 
some of the secondary peaks. On this series of tests the 
confining pressure seemed to have little or no effect. The 
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strain rate effect was about 70^ for molding water content of 
hO% and from 30 to hO% for molding water content in the 
vicinity of the Proctor optimum moisture content. The 
strain rates were 3^/sec. and kOO%/seQ, The strength buildup 
due to increased rate of loading seemed to be a direct 
function of the dry density, however, during the slow tests 
the compressive strength seemed to increase with decreasing 
water content and to be unrelated to the dry density. 
Thirty-seven preliminary triaxial tests were run on a 
loess soil (lean clay). These tests indicated that the 
greatest strength increase occurred at the optimum moisture 
content for strain rates of 30 and hOO%/sec. This increase 
at optimum was approximately 100% with the percent increase 
being less for either less or greater molding water contents. 
A second series of 32 tests were run on compacted clays. 
The sample was 1,5 in. in diameter and 3.00 in. long and was 
formed in a teflon cylinder. Another series of 29 tests were 
also run on a loess soil. The results from these tests fit 
fairly well into the categories of the previous data. On 
both soils, tests were run for soils compacted either wet or 
dry of optimum. 
As was expected from the results of previous tests, the 
soils that were compacted dry of optimum had definite stress 
peaks and then "brittle" failure. By increasing the strain 
rate the strength was increased but the slope of the initial 
Im­
part of the stress-strain curve stayed essentially the same. 
Therefore, the failure of the sample at higher strain rates 
occurred at slightly greater strain values. 
The hypothesized picture of the mechanical behavior of 
the dryer soil was as follows: 
If a flocculated soil structure is loaded slowly, 
the bonds between particles are stressed, some reach 
their ultimate stress before others, break and shift 
their portion of the load to other bonds. At peak 
stress, a maximum number of bonds are stressed, and 
a further increase in stress results in failure of 
the structure as a whole. As the rate of loading is 
increased, more and more bonds are stressed to their 
ultimate strength simultaneously and less and less 
redistribution of load among various bonds occurs. 
Therefore, at peak stress, more bonds can be mobilized 
to their ultimate strength as the loading increases. 
This means that the rate effect at peak stress 
represents an increase in the number of bonds 
mobilized rather than any substantial increase in 
the strength of individual bonds, (33, p. 95) 
The tests on soils compacted wet of optimum did not have 
a definite peak stress. The slope or modulus of the initial 
portion of the stress-strain curve was much flatter. At 
higher strains the slope of the curve gradually decreases 
but the stress continues to increase. Whether the tests were 
run as confined or unconfined seemed to have insignificant 
effect on the results. There was considerably less strain 
rate effect with the wet samples, A soil compacted in a high 
moisture state is thought to be in a more "dispersed" state, 
that is, the individual clay particles approach parallel 
alignment, as opposed to the "flocculated" state in which 
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the individual particles are randomly oriented. 
Sixteen tests were performed on a silt soil at three 
strain rates (0.012, 2.8 and 600^/sec.) compacted at the 
optimum moisture content. The triaxial test was performed 
with a confining pressure of 1^,7 psi. The soil behaved as 
a "viscous" type at this moisture content. A 50^ increase 
in strength was observed in going from the slow to the fast 
strain rate. The strength and modulus increase was in almost 
direct proportion to the log of the strain rate in the range 
of strain rates tested. 
Further work with loess soils including static and 
dynamic tests indicated that the failures were in between 
those of a "brittle" nature and "viscous" nature (32). The 
deviator stress-strain curves had a broad peak but it was a 
peak which differs from the "viscous" type of reaction. 
However, the peaks were not as sharp as those for a so-called 
brittle material. The two strain rates were 0,15% per sec. 
and 750^ per sec. About a 10^ strength increase was observed 
between the two strain rates for an unconfined test. For the 
confined tests the strength increased about 40^ from static 
tests to both strain rates. However, the slower strain rate 
produced 5% greater strength maximums than the faster strain 
rate. 
Rowe (48) investigated the effect of loading velocity 
on the soil shearing stress. He used a k- in. diameter 
16 
torsional shearing device. The loading velocities ranged 
from 0.76 in,/sec, to 27 in,/sec. An increase in the 
apparent cohesion was observed as the loading velocity was 
increased. Soils with higher clay contents exhibited a more 
pronounced effect. The angle of internal friction of the 
soil was also affected by the loading velocity but to only 
a small degree, Rowe found that using the increased strength 
due to loading velocity was very helpful in predicting the 
draft on a flat plate pulled through the soil. 
There seemed to be no additional pertinent information 
in the article by Richardson and Whitman (*+5). The evidence 
again gives definite indications of strain rate effects in 
varying amounts. There are greater strain rate effects for 
small strains than large strains (^ )^. 
More and more work is being done on trying to obtain 
workable mathematical models. Three theoretical approaches 
to a stress - strain-time relationship for soils are by 
Schiffman (50, 51), Gupta (20), and Mitchell (39). The 
approach used is that of rheology, the science related to the 
deformation and flow of matter (50, 51 and 20). A mechanical 
model comprised of combinations of springs and dashpots in 
series and parallel are utilized to envision the interrelated 
effects of elasticity, plasticity, retardation and time 
effects. Schiffman's (50, 51) analysis is based on aspects 
of volume change and shear behavior of soils for very small 
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strains as a first approximation. No comparisons with actual 
data were made, 
Gupta (20) also used a Theological approach, A general 
stress-straln-tlme equation was developed which would apply 
to static compression or shear of a soil with only the con­
stants changing. 
Behavior of soil under static loading is characterized 
by moduli of instantaneous elasticity, instantaneous 
plasticity, instantaneous fracture, delayed elasticity 
and retardation time, flow constant, yield stress as 
well as rate of strain at yield point, (20, p. 302) 
The constants in the equation depend on the moisture 
content, air content, structure and mechanical composition 
of the soil. 
An equation was also developed for dynamic shear and 
compressive stresses for soils. 
Dynamic shear and compressive stresses induced in the 
soil are directly proportional to the density of the 
soil, velocity of propogation of stress waves and 
velocity of motion of tillage tool. (20, p. 303) 
There are fewer constants and variables in the dynamic 
relationship than for the static tests. 
A considerable number of tests on the lateritic sandy 
clay loam soil were run. Both triaxial and direct shear 
tests were used to evaluate the constants in the proposed 
equations. Energy requirements for three tillage tools 
(moldboard plow, disc and cultivator tine) were analyzed on 
the basis of the dynamic soil shear equation. Experimental 
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values were in close agreement for most of the tests reported. 
Mitchell (39) used an approach referred to as the "rate 
process theory". It was stated in the article that the 
equation developed was mainly for obtaining a better under­
standing of the shearing strength of soil and not for quanti­
tative computation of strength at this point in the develop­
ment. 
Mitchell first listed all of the variables affecting the 
strength of the soil. These were; void ratio, parameter 
expressing frictional characteristics, temperature, strain 
rate, applied stresses, a term indicative of the soil 
structure, parameter expressing interparticle cohesion, soil 
composition (solid, fluid, and gaseous stages), history, 
strain, and pore pressures. These were felt to be inter­
dependent and also the terms would vary during deformation of 
a triaxial test. If a given soil at a given void ratio were 
considered, the instantaneous shearing resistance would 
become a function of the first six terms provided the applied 
stress was replaced by the effective stress. A relationship 
was then theoretically developed for these terms plus a term 
for the physico-chemical contribution to bond energy and a 
term for the energy required for dilation under the action of 
a unit interparticle normal force. If the equation is 
evaluated for a constant structure, strain rate and tempera­
ture the equation is analagous to Coulomb's equation. 
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However, as the author stated (39) "the precise evaluation 
of all the parameters presents a formidable if not impossible 
task." Mitchell makes some estimates of the parameters and 
obtains some quantitative values for sand, silt and clay. 
If "reasonable" values are assumed for the constants then 
"reasonable" values for the compressive resistance of clay, 
silt, and sand can be obtained according to Mitchell. 
This review of literature deals mainly with saturated 
soils. There is some discussion of tests on dry sands, but 
the results are not applicable to cohesive soils. Partially 
saturated cohesive soils may have time-dependent shear values 
for some moisture contents and not for others. However, all 
of the literature substantiates the theory that the soil 
strength depends upon the velocity at which the strength test 
is run. A larger increase in strength occurs with soils 
having a high percentage of clay content, while tests on dry 
sands indicated little or no strength increase. Whether the 
test was confined or unconfined also affected the results. 
Soil Research Using Model Analysis 
There are many references to various types of model 
studies of soils problems listed in the indexes. Farquaharson 
and Hennes (17) discuss the techniques of using gelatin 
models. They mention several model studies: Prof. W. S 
Housel in 1929 studied the soil stresses under a footing by 
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looking at the photoelastic stress of celluloid under loading; 
glass and bakelite were also used for models but they were 
too insensitive to indicate stress from their own weight as 
would be the case for soils; F. C. Smith at the University of 
Washington made use of gelatin for the photoelastic stress 
analysis of Ruby Dam in 1937j and the Army Engineers also 
used a gelatin model to study the stresses of Ft, Peck Dam. 
Also in 19385 B. K. Hough (22) loaded a gelatin surface with 
lead shot till the gelatin surface failed and observed the 
failure shape and the photoelastic stresses out beyond the 
dam toe. Thus he simulated the condition of an embankment 
not being supported by the underlying soil surface. 
In 193^ Nosaka (>+3) of Japan studied earth embankment 
rupture and the lines of movement of the soil by clay and 
Aga aga models. The Engineering Society of China (65) 
published a collection of papers in 1939 on "Models in 
Engineering" with a section devoted to soil mechanics. In 
1939, Dejuhasz and Clyde (16) discussed the possibilities of 
using a soil trough for model tillage studies. Ek-Khoo Tan 
(55)? in 19^8, studied the stress in a gelatin model as the 
slope was increased to determine the stability of slopes. 
The first use of dimensional analysis in conjunction 
with a research problem on modeling in soil mechanics that 
was found by the author was a doctoral thesis by Willets 
(66) in 195^. The investigation employed model implements in 
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a laboratory soil box where the draft of tillage tools as a 
function of implement and soil variables was analyzed. 
Particle size, bulk density, shear strength and angle of 
shearing resistance were considered to be the pertinent 
variables in the final analysis. Although a dimensional 
analysis of the variables was presented and the data were 
presented as dimensionless plots, the model theory was not 
completely applied. The final equation for the draft which 
was presented was not clearly derived from the cross-plots of 
data, 
Payne (44) of England and Sohne (53) of West Germany 
were also studying soil mechanics as related to tillage. 
They made use of models mainly for qualitative information in 
the first stages of their work, 
Teleschi (58) investigated the effect of speed, clay 
content, moisture content and packing force upon the draft of 
tillage implements. Field studies proved to be too variable 
even on small plots and the most of his work was with models. 
The equipment consisted of a stationary soil trough with a 
movable tool carrier. The forces on the tool carrier were 
measured with a spring dynamometer. The list of variables 
which he considered to effect draft of tillage tools was; 
Soil; 
1. Particle size distribution, including type of 
colloidal material. 
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2. Chemical composition, including the effect of 
organic matter. 
3. Moisture percentage. 
k. State of compaction or bulk density. 
5. Soil structure, including soil cementation 
effects, 
6. Effect of vegetation and crop residues. 
7. Effect of slope of soil. 
Implement; 
1. Kind of implement 
2. Kind of metal 
3. Surface condition and sharpness of implement 
4. Bearing area against soil 
5. Curvature and shape of surface applying force. 
Other: 
1. Speed 
2. Width and depth of furrow. 
In a final choice of variables it was assumed the slope 
would have a minor effect and vegetation and crop residue 
effect could not be measured quantitatively. The values 
measured in the laboratory tests were percent clay, percent 
moisture, bulk density, speed and draft. This implies that 
the variables listed were dependent on the values measured. 
To eliminate the effect of organic matter, a mixture of clay 
free of organic matter and sand was used for the soil. 
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The draft was measured as speed, clay content, moisture 
content and the soil packing force was varied. Equations of 
best fit were derived from plots of draft versus the vari­
ables. 
For the consideration of a dimensional analysis approach 
his reasoning was as follows: 
With the present knowledge of soil characteristics 
the elements considered to affect the resistance force 
against tillage implements were shear, acceleration 
of soil, velocity of tools, density of soil, a unit 
length (which can be of the first, second or third 
power) and viscosity of soil solution or percent of 
water in soil. (58, p. 608) 
The values used were: 
shear strength S = Y/l }  
acceleration A = L/T2 
velocity V L/T 
density P 1 
Q ] 
FT'^/L 
force Q - F 
length D = L 
viscosity 1 FT/L^ 
From these terms the following dimensionless function was 
obtained. 
f(Q/SD^, Q/V^D^, Q/VDji, Q/A^D^) = 0 . 
The following equation was presented as the equation which 
would yield the value for the draft under similar laboratory 
conditions. 
1/Q = Ai 1/SD^ + 1/V^D^ + lADii + 1/A^D^. 
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Where and are constants that are to be evaluated 
by a model of the system being studied. However, he does 
not show any verification of this equation in relation to his 
model tests or indicate that the equation would be suitable 
for prototype prediction. 
Bekker (4-) in his book on the "Theory of Land Locomotion" 
devotes the last chapter to scale model testing. After some 
general discussion of the theory of similitude, its applica­
tion to the field of vehicle mechanics is discussed. Twenty-
four variables are listed as being involved in a general look 
at the field. Of these twenty-four, six pertain to the soil 
properties. These are: 
soil particle size r = L 
• 2 
cohesion C = F/L 
angle of internal friction 0 = — 
• 2 k 
mass density (y/g) ^ = FT /L 
^ 2 bulk modulus of elasticity E = F/L 
viscous property y = FT/L^ 
From these variables the following dimensionless terms are 
determined: 
r/L; 0; Clf/F; EL^/F; rf/ F . 
Where L is some length and F is an applied force, 
Bekker then goes on to discuss several specific problems 
of vehicle mechanics. It is also mentioned that in many 
cases if all variables are used it may be impossible to 
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satisfy all of the required similitude conditions. Then 
preliminary studies should be run to determine which factors 
have the larger influence on the problem. In some cases the 
desired degree of accuracy may be determined by completely 
ignoring some of the terms that have a minor influence on the 
problem. 
In 1957 C. W. Bockhop (6) used a dimensional analysis 
approach for investigating the draft of tillage implements. 
Bockhop Initially started with fifteen variables, seven of 
which were soil variables. His choice of soil variables was 
based on the colloidal film theory presented by Nichols (42). 
Four of the fifteen were eliminated as not being of major 
importance for this particular problem or the variable was 
controlled. These were; temperature of soil, temperature 
of metal of the tool tested, organic matter of soil (held 
constant for model and prototype), type of clay (same for 
model and prototype and also not sure of what variable would 
indicate clay type). The final list of variables was: 
Resultant force (draft, lateral 
and vertical) 
Bj). Ri' IV =  ^
g = L/T^ Acceleration of gravity 
Ratio of coeff. of friction 
soil/metal:soil/steel 
Bulk density 
Moisture content in percent 




Angle of inclination of disk a = — 
Disk angle p = — 
Velocity v = L/T 
Diameter of disk L = L 
All other pertinent lengths & L 
From these variables the following pi terras were selected to 
be the most convenient; 
where R can be R^, Rj^ or Ry TTi = R/L-^ d 
7^2 = \^/L 
^6 = P 




TT^  = a 
Since is the dependent variable, 
R/L^d = f(X.j_/L, v^/Lg, u, a, p, m, c) 
which implies R/L^d is a fxmction of the other seven pi terms. 
The procedure then is explained as follows: 
Before a precise mathematical equation can be 
obtained, Tr^, (R/L^d) must be investigated as a 
function of the individual pi terms; with all pi 
terms, other than the one being investigated, held 
constant. After the relationships between tti , and 
all individual pi terms have been established, the 
resulting equations may, under certain conditions, 
be combined to form an equation that will Include 
all the variables. (6, p. 13) 
If the subscript m denotes values for the model and no 




Since 5 inch and 10 inch disks were used L/L^ = 2 
thus = 1/2 or every dimension on the model is 
one-half that of the prototype. 
2) gm = v^ /Lg 
Since = g and L/L^ = 2 then Vj^ = lAf^ v or the 
model velocity is 0.707 times that of the prototype. 
3) Urn = u 
This is satisfied since the same material is used 
for model and prototype. 
5^ 5) X.m = ^  and = p 
Angles are easily made the same. 
(6,7) 0% = c and m^ = m 
The same soil was used for model and prototype with 
the same moisture content and packing, therefore these 
conditions were satisfied. 
Bockhop took data for four different soils. These were: 
masonry sand, Ida silt loam, Colo silty clay loam and a 
Luton silty clay. The clay soils were montmorillonoids. 
A moving soil box with a stationary stand for mounting 
the disk with its sensing elements was utilized. With this 
system the soils were kept in separate boxes and there was 
no intermixing of soils for the different tests. Also the 
force sensing equipment was held stationary. The main 
difficulty was the time involved in the hand manipulation of 
the soil to insure uniform moisture content and soil packing. 
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The best prediction of resultant forces was obtained for 
the tests using masonry sand. The magnitude of the differ­
ence in the curves for the 5 inch model and 10 inch prototype 
increased with clay content and moisture content. The test 
for the combination of pi terms by multiplication or division 
was not successful. 
Bockhop concluded that similitude could be used for 
prediction of resultant forces on tillage tools. However, 
a more thorough study of the soil variables should be under­
taken to determine which are pertinent to the problem, 
Rocha (46) presented a paper at the Fourth International 
Conference on Soil Mechanics in 1957 at London on the possible 
use of similitude for the solution of problems involving 
soil masses such as foundations. The discussion is separated 
into a section considering the soil mass is elastic (no water 
movement) and a section considering the liquid phase. 
No definite conclusions are drawn as no experiments were 
run. Rocha (46, p. 188) states that; 
A number of years will be necessary to develop 
the techniques for these studies and above all to 
discover suitable materials for the construction of 
models. The experience we have of model studies of 
structures gives us some idea of the numerous 
difficulties which will have to be overcome. 
Watkins (61) used similitude in his study of the 
modulus of passive resistance of soil. The modulus of 
passive resistance (e) is a measure of the rate of change of 
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lateral pressure with respect to lateral displacement of 
culverts under loading in earth fills. It is defined as the 
ratio of the lateral soil pressure to the lateral pipe 
deflection. The variables that were considered to be perti­
nent for this problem for a unit section of pipe were: 
e - modulus of passive FL"^ 
resistance 
r - mean radius of the culvert L 
X - any other pertinent soil 
dimension L 
EI- stiffness factor for the 
pipe wall FL 
Py- vertical soil pressure at 
any depth, Z, in the soil FL 
e^- soil void ratio (function 
of density) — 
w - water content of soil 
(percent) — 
0 - internal friction angle 
of soil — 
c - cohesion of the soil FL"^ 
VT. - compactive effort (work per 
unit volume) FL"-^ 
The dimensionless function obtained from the above variables 
was 
er//i = f(X/r, ElAr^, p^^, e^, w, 0, cA) 
From the evaluation of model-prototype design conditions and 
the prediction equation Watkins observes that (er) is a 
constant for any set of geometrically similar soil conditions. 
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This (er) turns out to be a better value to evaluate, 
especially by model studies and thus becomes the important 
parameter for the rest of the study. The term er is called 
the modulus of soil reaction, Watkins obtained very good 
results in determining the slope of the prototype load-
deflection curve from the slope of the model load-deflection 
curve. 
Gaul (18) in 1958 wrote an article on a model study to 
investigate the dynamic effects of simulated ocean wave 
action on a single model pile embedded in a soft, simulated 
marine foundation. The only soil variables considered to 
be pertinent in the problem were the modulus of elasticity 
of the soil, which in the final analysis was assumed to be a 
constant, and the density. Since it is virtually impossible 
to scale down the particle size of a natural marine clay, 
Gaul reasoned as follows (18, p. 9): 
However, the geometric properties of the sediment 
are not likely to be important, especially when compared 
with its engineering properties, i.e., density, stress 
deformation characteristics and shear capacity. More 
concisely, the validity of the experimental results 
are dependent upon how the medium acts rather than its 
appearance, 
A montmorillinite clay with a 400% water content was used 
for the test. 
When a constant soil modulus was assumed, the pile 
bending moments computed by the analytical method were in 
good agreement with the dynamic test results even though the 
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model was pinned at the bottom. Gaul concluded a pile 
subjected to an oscillating lateral load vibrates in the 
form of a standing wave which is in phase with the oscillating 
load, or, in other words, the soil had an insufficient 
damping effect to cause a phase shift. No prototype was used 
to test the prediction curve. 
In 1959 Mcleod (37) wrote a Ph.D. thesis on "Distorted-
Model Theory in Investigations of Tillage Implement Forces" 
which was a continuation of Bockhop's (6) work. After a 
study of Bockhop's (6) procedures and results Mcleod decided 
to analyze four possible sources of error (37, p. 8): 
1.) While the assumption that the effect of disc 
thickness was negligible with the particular 
geometry involved seemed quite reasonable, it 
might not have been valid. 
2.) Methods used to compact the soil likely did not 
produce density which was uniform in planes parallel 
to the soil surface. 
3.) Since the model disc operated at one-half the 
depth of the prototype, the average bulk 
volume weight of the soil moved in each case 
might have been significantly different. 
4.) The soil variables which were assumed pertinent 
might not have been adequate and, in fact, not 
the variables pertinent in determining the soil 
reactions. 
From consideration of preliminary investigations 
Mcleod changed the compaction procedure to obtain more 
uniform compaction and also took bulk volume weights at the 
depth of operation of the tillage tool (1 1/2 inches for the 
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model and 3 inches for the prototype). He also found that 
the thickness of the disc used had no significant effect 
if the angle of approach was greater than the sharpened angle. 
After running true model tests with the above improve­
ments and finding no improvement in predicting the draft a 
new model system was developed. The new variables used were: 
— 2  C - apparent cohesion FL" 
0 - angle of shearing resistance — 
A - apparent adhesion FL" 
The variables used by Bockhop (6) but not McLeod were; 
m - moisture content in percent — 
c - clay content in percent — 
The analysis of the new variables with consideration of 
design conditions yields the following relationship for the 
model: 
= f(VD, v^/gD, a, ji,C0, yC/wD^^A/vD) 
Where € , y a:nd ^ are distortion factors since the design 
conditions for these terms could not be readily satisfied. 
This dictates the necessity for a prediction factor S such 
that R/wD^ = where S is assumed to be only a function 
of 6 , Y and?/. In determining these relationships it was 
found that £ and ^  had a negligible effect therefore were 
eliminated thus leaving y as the only distortion factor 
which was evaluated for draft, lateral and vertical forces. 
With these changes the force versus velocity curves were 
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predicted with "reasonable accuracy" and there was considera­
ble improvement over previous attempts using a true model, 
Mcleod felt that pertinent soil variables which determine 
forces on a concave disk are bulk volume, apparent cohesion, 
angle of shearing resistance and angle of soil-metal friction. 
However, he stated there is a need for improvement in the 
method of measuring the soil variables used. 
An article by Kondner and Edwards (27) reports similitude 
studies related to static and vibratory cutting and penetra­
tion of various soils. According to the references the work 
was initiated in 1956 or 1957 and several have worked at 
the development. R. S. Ayres (1), S. C. Cowin, Y. S. Chae 
and Krizek all seemed to have worked in the area at various 
times and R. L. Kondner seemed to have followed the project 
all of the way. 
The variables decided upon for the study are as follows: 
1. Penetration X = L 
2. Time t ^ T 
3. Total applied force Ft = = F 
Static Force Fs : = F 
5. Forcing frequency w - 1/T 
6. Natural frequency p = 1/T 
7. Maximum unconfined 
compressive strength 
. 2 
of soil r = F/L 
8. Viscosity of soil yi L FT/lf 
3^ 
Z' = FT^ /L^  
g = L/T^ 
A =1^ 
c 
c = L 
e i -
a = L 
The viscosity of the soil was defined as the tangent to 
the curve of strain rate versus the stress in the soil. 
After thoroughly considering all aspects of the study to 
be undertaken, /o and p were eliminated from the list of 
variables. The dimensionless functions derived from the 
final list of variables is: 
X/c = f(Fgn/AgT; c^/A^, 9, w7/r , wt, F^/F^, cw/gt, a/c) 
The penetrators used in the study were four circular 
blades of various diameters; a set of constant-area blades 
with varying perimeters which include a solid circular blade, 
three flat plate-like blades of varying thickness, and a 
hollow cylindrical cutter; and a set of 9 solid rods of 
circular cross section having various end profiles. The 
penetrators were all made of polished brass. Both static and 
dynamic loadings were tested with the above penetrators in 
Jordon Buff Natural Clay, Future work was planned with a 
loess and a sand although some preliminary data had been 
obtained using these soils. 
9. Mass density of soil 
10, Acceleration of gravity 
11, Cross-sectional area of 
penetrator 
12, Perimeter of penetrator 
13, Tip angle of penetrator 
14, Amplitude of vibration 
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For static tests the penetration function reduces to: 
x/c = g(P^/Acr, c^ /AQ, r t/7 , e) . 
Graphs of x/c versus each term except "2:t/f are shown. 
"Unfortunately, the field of soil mechanics has not yet 
reached the state of development where the latter term can 
be numerically evaluated" (27, p. 593) is the comment of 
Kondner and Edwards, The points have relatively little 
scatter for the curves shown. For the dynamic tests, curves 
were plotted for x/c as a function of a/c, cw/gt, wt and 
1 + (F^/Fg). There is more scatter for the dynamic test. 
There are no plots of how well penetration from one 
penetrometer (model) will predict the penetration for another 
penetrometer (prototype). However, since all data was 
plotted on one curve with little scatter this would Indicate 
close agreement from the various penetrometers used. There 
were no tests Indicated for the combination of TT terms as 
Kondner and Edwards indicate that (27, p. 591): 
Because of the complexity of the viscous response 
of the soil and the difficulties involved in the 
dynamic testing, no attempt is made to cross-correlate 
the various ir-terms in this paper. 
Kondner (26) later applied the above information to the 
measurement of soil strength by a penetrometer. By using 
the same penetrometer for all tests and using static loading, 
Q 
the TT terms 0 and c /k^ are eliminated as variables. By 
controlling the time or creep the effects of the TT term 
^ t/^ can be minimized. Thus the dimensionless function 
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becomes; x/c = f (F/A^lT). The plot of these values is 
initially curved and then becomes a straight line. From 
this curve the unconfined compression strength Tcan be 
determined since c, F and are known and x can be measured. 
Caterpillar Tractor Company has done considerable re­
search on model testing of earth moving tools, as reported 
by Cobb, Cohron and Gentry (11, 12). Length scales of 10 and 
18 have been used for bulldozer and scraper models. The -
equipment consists of stationary soil bins with a tool and 
dynamometer carriage. The soil is conditioned with a small 
rototiller and compacted with a varied number of passes of a 
heavy roller. Artificial soils are used because they are 
more stable over long periods of time for a series of tests. 
The artificial soils are composed of fine clay, sand and low 
viscosity oil. 
A plot of loading time versus load for field conditions 
and laboratory conditions yield the same general shape. 
However the points for the field tests are widely scattered. 
This indicates that the model testing with less scatter would 
give better indications of design improvements than the less 
controllable full scale field tests. 
Larson (29) continued the model tillage studies at Iowa 
State University using a moldboard plow shape instead of the 
disc tillers used by Bockhop (6) and McLeod (37)• The soil 
manipulation was completely mechanized making it easier to 
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reproduce given soil conditions. Larson used essentially the 
same terms as Mcleod except the two parameters used to des­
cribe the moldboard surface (0, n) and Larson also used the 
tangents of the angles 0 (angle of internal friction) and ji 
(angle of soil to metal friction) instead of the angle 
itself. Thus a distorted model was used. Since all pi terms 
involving lengths were satisfied the final relationship used 
was: 
R/wD^ = f(v^/gd, C/wD, tan 0, A/wD, tan n) 
The definitions are the same as those McLeod used. The final 
relationship which adequately fit three of the four soils 
tested was; 
R/wD^ = (O.M-16 + 1,531 tan 0)[0,230 (C/wD)^'^^?] 
+ (0.818 + 0.609 tan 0)[O.O352(C/wD)^*371]v2/gD 
There was insufficient unmasked effect from the adhesion and 
soil to metal friction term to be able to include it in the 
final relationship. Larson indicated that the fourth soil 
was probably affected more by adhesion properties than the 
other soils and better prediction could have been made for 
this soil if these could have been included. 
By making some assumptions a relationship between the 
prediction factor 6 , applicable to a dimensionless draft 
term and a distortion factor a, applicable to a dimensionless 
apparent cohesion term was determined. This relationship was 
a-l-5 _ 
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One area investigated by Schafer (4^) was the use of 
penetrometer readings for evaluating the uniformity of a 
soil within a bin and for comparing one fitted bin with 
another for model and prototype tillage tools. The penetrome­
ter reading proved to be a more sensitive measurement of the 
soil condition than bulk density. Although weather condi­
tions severely restricted the prototype testing, the model 
tillage tests indicated reasonable success with soil fitting 
procedure used. 
The dimensional analysis approach has been used in 
trying to predict the size of crater to be expected from 
buried explosives, Chabai (10) and others in the reference 
list of the article have tried several approaches with 
varying success. The properties of the medium (soil or 
desert sands in most cases) considered to be of importance 
were; the density of the undisturbed medium, yield strength 
of the medium, a dissipation variable in the form of a 
viscosity and the sonic velocity in the medium. Other 
dimensionless factors such as strain, void ratio and moisture 
content could be added to the final analysis if desirable. 
The main discussion centered around the proper term for the 
size of the explosive and whether the acceleration of gravity 
should be included. Four approaches were analyzed and 
compared with actual data. Since the model was distorted 
the actual data did not fit the analysis based on a true 
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model but seemed to fall between two of the approaches used. 
An analysis of the studies to date would indicate that 
soils react to forces in a complex fashion. Therefore, a 
distorted model will be needed to properly describe all but 
the simplest phenomena related to soil manipulation. 
Soil Shear 
A true value of soil strength is elusive because it is 
only possible to speculate about the effects of all of the 
possible factors that enter into this phenomenon. 
Bishop, et al, (5, p. 503) describe the situation as 
follows; 
Soil, as an engineering material, may be visualized 
as a compressible skeleton of solid particles 
enclosing voids, which in saturated soil are filled 
with water, and in partially saturated soil with 
both air and water. Shear stresses are carried only 
by the skeleton of solid particles, except at very 
high rates of strain. On the other hand, the total 
normal stress on any plane is in general the sum of 
two components - the stress carried by the solid 
particles and the pressure of the fluid in the void 
space. 
It is evident that it is only that part of the 
total normal stress which is carried by the soil 
skeleton that controls volume change and the 
frictional component of shear strength. 
Lambe (28) suggests three main components of shearing 
resistance. These are cohesion, dilatency and friction. 
Cohesion is the shearing resistance developed by two particles 
which stick or cohere to each other without any need of 
external normal pressure. Cohesion can be attained by 
IfO 
flocculatlon due to salts and electrolytic attraction and 
by flocculatlon due to electrostatic attraction arising from 
charges on clay particles. Cohesion can also be increased 
by individual clay particles becoming bonded together by 
interlinking of the exchangeable ions such as potassium into 
forms such that the ion is no longer exchangeable but an 
integral part of the particle. This would occur during a 
drying cycle of the soil. Soil particles also become cemented 
together by carbonates, iron oxides, silicates, aluminates 
and certain organic matter, forming larger particles which 
resist shearing forces. 
Lambe discusses the other two components together as 
they would probably occur simultaneously during shear. 
During the process of shearing each particle interferes with 
the movement of an adjacent particle. If the interference 
causes a tendency toward a volume increase a higher shearing 
resistance results. Lambe suggests that moving particles can 
also change electrical forces thus causing a change in 
volume or a change in some pressure element to maintain 
equilibrium. These two elements would make up the dilatency 
component. The friction component would come from the 
resistance to sliding of one particle over another due to 
physical roughness of the particle. For clay particles, or 
on the atomic scale, "electrical charge friction" due to 
displacement of particles might occur. 
Each of these phenomena may not reach a peak resistance 
at the same time. Lambe suggests that they in fact peak one 
after the other to make up the total picture, Fig. 1. He 
suggests that cohesion reaches a peak at low strain values 
followed shortly by the dilatency component. While the 
friction plus interference slowly builds up to a maximum 
after the other two components have peaked. Perhaps as the 
rate of loading is increased the timing of these components 
is changed such that the peak is increased. This would 
possibly indicate more bonds reaching a maximum at the same 
time at higher rates of loading (33). 
A factor which Lambe did not discuss was changing 
moisture content. Some of the effects of water on the soil 
system are discussed by Meade (38). According to Meade 
(38, p. B2): 
Dry clay will adsorb water vapor from the atmosphere. 
It will soak up large quantities of liquid water, if 
available, and swell to many times its dry volume. The 
cause of this attraction seems to be the negative 
charge on the surfaces of clay-mineral particles that 
arises from imperfections and substitutions within 
the mineral structure. The charge attracts water in at 
least two ways: directly, by attracting the protons 
of the polar water molecules; and indirectly, by 
attracting cations, which in turn attract water 
molecules. The hydration properties of the cations are 
significant, as the intensity and extent of the clay-
water attraction are different for different adsorbed 
cations. 
The adsorbed water apparently does not behave the same 
as ordinary liquid water because it is in an electrical force 
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1, Suggested combination of shear resistance components from 
Lambe (28, p. 573) 
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field. There are at least two different theories regarding 
the behavior of the adsorbed water. Meade, (38, p. B3) in 
discussing these two theories refers to two articles, one 
by Low (30) and one by Martin (31). Low believes that the 
adsorbed water 
.., has a high degree of structural order and rigidity, 
making it more resistant than ordinary water to normal 
and shear stresses. 
Martin, on the other hand, favored a two dimen­
sional fluid model in which the water is essentially 
fluid (perhaps more so than ordinary water) in direc­
tions parallel to the mineral surface and is essentially 
solid in the direction normal to the mineral surface; 
such an arrangement would make the water more resistant 
to normal stress but perhaps less resistant to shear 
stress than ordinary water. 
The above references indicate the involvement of 
chemical action in a soil, which is related to the ability of 
a soil to resist shear. Other authors (3, 7, 60) indicate 
that certain adsorbed ions increase or decrease the soil 
strength according to the type and amount of the ion present. 
Tschebotarioff (60) refers to two studies in this area. One 
relates to some studies on a ceramic clay at very high 
moisture contents. If the absorbed cations of the clay were 
replaced by iron or aluminum cations the clay exhibited 
almost twice the shearing strength (torsional test) as the 
same clay with sodium ions. Another study indicated that in 
a semiliquid condition the sodium ions had a reverse effect 
on soil strength. 
Studies have been conducted on the relationships between 
¥f 
the cation exchange capacity and other soil properties. 
Exchangeable cations are held on the edges and surfaces of 
clay mineral particles and can be replaced by chemical action. 
The cation exchange capacity is expressed as 0.001 grams of 
hydrogen or its equivalent in 100 grams of material and is 
generally referred to as milliequivalents (meq.) per 100 
grams. Some general values are; 200 for humus, 150 for 
vermiculite, 100 for montmorillinite, 30 for illite and 10 
for kaolinite. 
Soils contain sand and silt in addition to clay and 
organic matter, and the clay may contain any combination 
of the different clay minerals. The percentage of 
organic matter varies with soils, therefore cation-
exchange capacity of soils varies with (a) the kind 
of clay, (b) the percent of clay, and (c) the percent 
organic matter. (59, p. 175) 
R. H. Brooks (7) et a2. did some studies on the effect 
of various exchangeable cations on the physical condition of 
soils. One area of study was the effect of the percent of 
sodium, magnesium or potassium on the modulus of rupture of 
a soil. The modulus of rupture is defined as follows (7); 
S = 2F/DL 
where, 
S = modulus of rupture 
F = applied force 
D = diameter of core 
L = length of sample 
The force is applied parallel to the axis of an oven dry 
^5 
cylinder of soil. The force value that causes the sample to 
rupture is recorded and used to determine the modulus of 
rupture. Brooks (7) used sandy loam, loam, silt loam and 
clay loam soils. 
The results can be summarized as follows: the percent 
of magnesium has little if any effect on the modulus of rup­
ture and potassium has little effect on most of the soils and 
decreased the modulus of rupture for two of the soils. The 
percent of exchangeable sodium increases the modulus of 
rupture for all of the soils and has the greatest effect 
on the soil with the greatest cation exchange capacity, 
Kirkham et al, (25) found some correlation between the 
modulus of rupture and bulk density for a silty clay loam but 
very little correlation for the same plot for a silt loam. 
He also found some correlation between the number of blows to 
drive the sampler into the soil and the modulus of rupture 
for both soils studied. 
Davidson and Sheeler (15) conducted tests on more than 
one-hundred soil samples from the Wisconsin loess area of 
western Iowa. 
The results of the correlation study show that the 
following engineering properties of Wisconsin loess 
have a curvilinear relationship with cation exchange 
capacity; 
1) Amount of 0.002 mm clay, 
2) Liquid limit, 
3) Plastic limit, 
4-) Plasticity index, 
5) Shrinkage limit, 
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6) Centrifuge moisture equivalent, and 
7) Hygroscopic moisture 
Reference to the curves shows that the amount of 
0,002 mm clay, the liquid limit, the plasticity index, 
the centrifuge moisture equivalent, and the hygroscopic 
moisture increase in value with an increase in cation 
exchange capacity. Thus it can he seen that the cation 
exchange capacity is correlated with several of the 
engineering properties of a soil. (15, p. 21) 
Baver (3) indicates that the nature of the exchangeable 
cation influences the soil plasticity. The potassium ion 
lowers both plastic limits and decreases the plasticity 
number. The sodium ion also lowers the plastic limits, but 
in such a way that the plasticity number is increased. 
Magnesium and calcium ions have about the same effect as the 
sodium ion. The hydrogen ion tends to increase the plasti­
city of unsaturated soils. Baver suggests that part of the 
difference can be explained on the basis of the differences 
in the hydration of these clays; (3, p. 112) 
There are two types of hydration affecting the 
plasticity values, namely, water of hydration held 
between the particles in aggregate formation and the 
hydration hull or film around the individual particles. 
In order to produce plastic flow there should be an 
excess of water present above that required to satisfy 
the sorptive capacity of the particles or aggregates 
for water. The K-saturated soils require less water 
to produce these plasticity effects than the Na-
saturated soils. This is merely a difference in the 
hydration of the particles as a function of the 
hydration of ions. The Ca- and Mg-soils require a 
certain amount of water to fill the pores in their 
aggregates; therefore, a larger quantity of water is 
necessary to produce plasticity than in the case of 
the K-saturated soils. The high hydration and 
dispersive action of the Na ion make the plasticity 
of the Na-saturated soil greater than those soils 
saturated with the divalent ions. The magnitude of 
^7 
the effects of the adsorbed ion varies with the 
amount and nature of the clay. 
Increased understanding and physical measurements of the 
influence of colloids in the overall soil mass will greatly 
increase our understanding of soils with high clay content. 
The suggestion of a probable influence of this element on 
soil properties is not new ('+2, 56). Other measurements 
besides the cation exchange capacity need to be developed 
which can be more readily obtained and are related to the 
chemical bonding in a soil. 
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EXPERIMENTAL APPROACH 
In order to meet the objectives of this study a method 
of determining the shearing stress in a soil while varying 
the soil properties and rates of loading was required. It 
was also desired to obtain rates of loading in a range 
comparable to agricultural tillage operations (up to 90 
in/sec) with a minimum of shock loading, A centrifuge with 
a 7.0 ft, arm was used to attain the large forces necessary 
for quick acceleration to a relatively constant loading 
velocity. Also by using a centrifuge the entire system 
including the soil was subjected to a radial force. There­
fore, the soil mass contributed to the force required for 
acceleration and shearing, which eliminated the shock loading. 
A simple shearing apparatus was desirable from the 
standpoint of mounting the controlling the device on the 
centrifuge, A variation of a ring shear system with two 
shearing surfaces was selected as a reasonable system. 
Although the shearing process is complicated due to the 
circular soil sample and encasement, an "undisturbed" sample 
of any other shape, such as a square, would be difficult to 
obtain because of the corners involved. The University of 
Michigan Soil Mechanics Laboratory has used a ring shear 
system with no normal force for 25 years for obtaining design 
shear strength values and it also has been adopted by the 
if9 
Michigan Highway Commission (23). By using capped ends some 
normal pressures on the sample may have occurred during 
tests which would cause the shear values to be slightly 
higher than if no normal pressure was present. Two such ring 
shear mechanisms with different diameters were constructed 
to obtain an indication of sample size effect. 
Each of three soils was tested at four moisture levels, 
and at four density levels for each moisture level. The 
soil was prepared as one large sample for all tests at a 
given moisture and density to try to obtain uniformity for 
all samples. The soil properties measured were bulk density, 
moisture, cation exchange capacity and temperature. The 
particle size distribution was obtained from previous work 
(29). The pressure gage reading (gage on the hydraulic press 
used for compacting the soil-conversion to the compacting 
soil pressure is given in Appendix A) was also recorded. 
All of the data is given in Appendix D= The moisture 
and density levels are given by the numbers following the 
moisture and density values. The plus or minus superscript 
indicates tests that were considered unexceptable for 
duplication of a desired moisture and density level. The 
temperature was not recorded for all of the tests and for 
these cases it is listed as zero degrees in Appendix D, 
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Description of Soils 
Three soils ranging from a sandy loam to a clay loam 
were used for the shear tests. The mechanical analysis of 
the soils is shown in Table 1 as obtained from Larson (29). 
The Ida silt loam and the Luton clay loam are Iowa soils. 
The Norfolk sandy loam was shipped in from Alabama. The 
soils were sieved by other researchers (30) to remove rocks, 
concretions and other foreign matter larger than 1/4- in. 
Table 1, Soil particle size distribution and cation exchange 
capacity values 
























clay 51.0# 43.5% 5.5# ^1.3 
Ida silt loam 16,7 65.7 17.6 17.0 
Norfolk sandy 
loam 12.8 17.0 70.2 2.67 
^The procedure used to obtain these values is outlined 
in Appendix B. 
The tests were started at moisture contents for which 
the soil would tend to hold its shape when squeezed in the 
hand. The moisture was Increased by steps until it became 
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difficult to attain a uniform soil again after a series of 
tests had been run. It also became difficult to maintain the 
desired densities at the higher moisture levels. The range 
of average moistures and densities for each of the soils is 
shown in Tables 2 and 3. Data was taken at some intermediate 
moistures and densities as indicated by the tables in Appendix 
D. Since the moisture and density values were determined the 
following day (to obtain oven dry sample weight), some data 
was obtained at intermediate points before the true moisture 
and density was known. 
Table 2. Average soil moisture content at indicated levels 
Percent moisture, dry basis 
% M2 M3 
Ida silt loam 13.1 15.^ 20.2 
Luton silty clay 18.7 19.9 23.5 29.5 
Norfolk sandy loam ^.5 6.4 8.3 10.4 
Table 3* Average soil density values at indicated levels 
Bulk density. Ib/ft^ 
^1 ^2 "3 
Ida silt loam 78.9 84.4 90.1 
Luton silty clay 63.5 68.5 74.9 
Norfolk sandy loam 93.3 100.4 107.1 
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Description of Equipment 
Most of the equipment was designed and built for this 
study. A large centrifuge was the main piece of equipment 
built. Two sizes of shearing cylinders, a displacement 
transducer, a soil compaction box, two sizes of soil samplers 
with accessories and a slip ring assembly were also con­
structed for this study. The load cell, the small slip ring, 
the recording equipment and the components for the hydraulic 
system used were commercial items. 
Centrifuge 
An overall view of the centrifuge can be seen in Fig, 2. 
Power was furnished by a 5 h.p., 3 phase motor. A v-belt 
drive transmitted the torque to the differential. The right 
angle drive was a car differential with one axle and wheel 
assembly. The spider gears in the differential were welded 
to their respective shafts to make a simple gear reducer 
which for this particular differential gave a reduction ratio 
of ^+1:9. The final speed of the centrifuge was 295 rpm. 
The entire wheel assembly was retained for easy mounting 
of the centrifuge arm. The emergency brake was retained for 
use in stopping the centrifuge after each test (the cable 
can be seen in Fig. 2 immediately above the motor and the 
control handle can be seen on the floor in Fig. 13). The 
centrifuge arm was welded to the wheel rim. The wheel rim 
Fig, 2, Overall view of the centrifuge 
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was reversed from its natural position and bolted to the 
brake drum for easy removal. 
Counterweights were mounted in the channel of the 
centrifuge arm and welded to the top surface as seen on the 
extreme right of Fig. 2. The box bolted to the arm on the 
right in Fig. 2 was used to hold added weight when the 
3-in, shearing cylinder was used and also to hold a soil 
sample for counter-weight purposes. 
A small commercial slip ring (10 channel) was used at 
the center of the centrifuge arm to transmit the strain gage 
signals to the recording equipment. A larger slip ring, 
Fig. 3) vas built inside the wheel assembly to transmit a 
D.C. signal (6 volt wet cell) to the hydraulic system. Four 
brushes were used to assure satisfactory contact with the 
rings. The rings and brushes were mounted on plastic for 
insulation from the framework. 
Shearing oylinders 
The two sizes of.shearing cylinders are shown in Fig. 
^ and 5* Both the 2-in. I.D. cylinder and the 3-in. I.D. 
cylinder are seamless steel tubing with 3/l6-in. walls. They 
were so designed that, when in position on the centrifuge, 
the center of the cylinder would be the same distance from 
the center of the centrifuge. The end caps were turned out 
of a solid bar and threaded for easy removal to facilitate 
Fig. 3. Internal slip-ring for excitation of the solenoid 
valve 

Fig. 4. Two-inch diameter shearing cylinder 
Fig. 5. Three-inch diameter shearing cylinder 
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insertion and removal of the soil test sample. The average 
clearance "between the center section and the two outer 
portions of the cylinder was 0.0^ in. for the 2-in. cylinder 
and 0,03- in. for the 3-in. cylinder. The average clearance 
between the center section and the backing plate for the two 
outer cylinders was 0.006 in. for the 2-in. cylinder and 
0.007 in. for the 3-in. cylinder (the measurements were 
taken with feeler gauges). The arm coming up over the center 
portion of the cylinder in Fig. h and 5 was used to control 
the position of the cantilevered displacement transducer. 
The two cylinders fit onto the centrifuge arm as shown 
in Figs. 2 and 18. The center portion of the shearing 
cylinder fits in the two center grooves of the guide plate 
and was bolted to the load cell, Fig. 6. The outer sections 
fit in the two outer grooves and fastened to the hydraulic 
cylinder rod, Fig, 6. The guide plate was made by milling 
four-1/2 in. grooves in a 6 1/2 in. x 5 in. x 1/2 in. steel 
plate. The two cover plates are 5 in. x 3 in. x 3/I6 in. 
cold rolled steel with a 1/k- in. slot in the center. The 
two cover plates are held to the guide plate by four counter­
sunk, 1/h- in. flat head stove bolts which are tapped into the 
guide plate. All three plates are held to the rotating 
channel by four countersunk, 1/4 in. stove bolts. 
A male ball rod end connector was used to connect the 
center portion of the shear cylinder to the load cell. A 
Fig. 6. Load cell, displacement transducer and shearing 
cylinder guide plate with cover plates 
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female ball rod end connector was used to connect the outer 
parts of the shear cylinder to the hydraulic system. The 
ball rod end connectors were used to eliminate any side 
forces on the load cell and the hydraulic cylinder rod. 
Displacement transducer 
The frame work holding the displacement transducer and 
the transducer itself can also be seen in Fig, 6. Four SR-^, 
type FAP-12-12 strain gages were attached to a cantilevered 
hack saw blade to measure absolute displacement. The four 
strain gages were interconnected to form a Wheatstone Bridge. 
The teeth were removed from the hack saw blade to eliminate 
stress concentrations near the edge. 
The displacement transducer was dynamically calibrated 
prior to testing and again after testing. The second 
calibration was to determine if the output had changed and 
to obtain points at greater displacements since peak shear 
forces had occurred at larger displacements than had been 
anticipated. The calibration procedure prior to testing was 
to run the centrifuge and take the scope reading. The 
centrifuge was then stopped, and a dial indicator mounted on 
a heavy angle iron was used to get a displacement reading. 
The needle valve was opened to allow further displacement and 
the above procedure repeated. This was done until the 
desired total displacement was attained. The calibration 
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after the testing was completed was done in the same manner 
except the angle iron holding the dial indicator was bolted 
to the centrifuge arm and left there for the entire test. 
The equations for the two sets of data are shown in 
Fig. 7. If the two sets of data are combined, the resulting 
equation has a slope less than the two previous equations. 
This did not seem to be the case physically, that is, one 
would expect the best prediction to have a slope between the 
two extremes. Since no incident which might alter the 
calibration could be recalled a weighted average of the 
slopes was used. The weighting factor was the number of 
points for each slope. The final equation used was X = 
0.1014 Y, where X is the actual displacement and Y is the 
displacement of the scope trace in centimeters. Using this 
equation gives values within hfo of the other two at 9 cm. 
scope displacement, within at 5 cm. scope displacement and 
within 3% of the upper curve and lyfo of the lower curve at 
1 cm. scope displacement. 
Soil samplers and accessories 
The sampler and equipment for obtaining moisture and 
density samples is shown in Fig. 8. The soil sample was 
taken with the tube (2 in. diameter) on the right in Fig. 8. 
The sample was then pushed out part way with the push rod on 
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second push rod is used to push out a known volume of soil 
(170.44cm3), which is trimmed off into a container. This 
sample is used to obtain the density and moisture content of 
the soil. 
The soil samplers are sections of seamless steel tubing. 
The 2-in. I.D, sampler, 8 inches long with a 3/32 in. wall, 
and the 3-in, I.D, sampler, 19 lA inches long with a 3/32 in. 
wall, are shown on the right side of Figs, 9 and 10. The 
push rods used for pushing the samples into the shearing 
cylinders are shown on the left in Figs, 9 and 10, The short 
sections shown in the center of each picture fit on the end 
of the shearing cylinders and the sample cylinder slides 
inside to assure alignment of the soiT sample, Fig. 17, 
Hydraulic system 
The hydraulic system consists of a hydraulic cylinder, 
a flow control needle valve, a solenoid valve and an oil 
reservoir tank. The aforementioned parts are shown in place 
in Fig, 11, The Airoyal hydraulic cylinder has a 1-in, bore 
and a 2-in, stroke. The blind end was bored out to take a 
1/2-in. pipe fitting. The rubber hydraulic hose line was 
used to connect the outlet of the hydraulic cylinder to the 
flow control valve. 
A Manatrol 3/^-lii, needle valve was used for a flow 
control valve. The shaft of the control knob was color coded 
Fig. 9. Two-inch soil sampler, alignment ring and push rod 




Fig. 11, Hydraulic system components 
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so that for every revolution of the handle a different color 
on the shaft is exposed. Also the four spokes of the handle 
are numbered to keep track of quarter turns. After some 
preliminary runs it was found that the needle valve did not 
control the oil flow except in the last 5 quarter turns. 
Some other part of the system controlled the flow when the 
needle valve was open further. The needle valve was con­
nected to the solenoid valve with 3A-in, steel tubing. 
A Waterman 3A-in., two-way, solenoid valve was used for 
on-off control of the system. The solenoid was actuated by a 
6 volt wet cell battery through the slip rings inside the 
brake drum, Fig, 2, The solenoid valve was connected to the 
oil reservoir by a 3A—in. steel tube. 
The oil reservoir was bolted to the underside of the 
centrifuge arm as shown on the right side of Fig. 11, An 
outlet protrudes up through the centrifuge arm and is capped 
with a 1/4-in, brass valve. An air hose connection is 
screwed into the brass on-off valve. Due to the small 
amount of fluid needed, 0,003^ gal. per in. of stroke, only 
a small reservoir was required. 
Load cell 
The load cell is a Baldwin-Lima-Hamilton model U3G1 
shown on the right in Fig, 6, It has a 1,000 lb, capacity 
in tension or compression. The strain measurement is made 
7^ 
with ^ -350 ohm SR-^ gages which achieve an output signal 
of 3 mv/v. input. The recommended input is 12 volts A.C. or 
D.C. Some of the other specifications are as follows: 
Max. deflection 0.012 in. full load 
Temperature effect on output 
(15°F. to 115°F.) +0.005% of load per °F„ 
Maximum non-linearity 0.10% full scale 
Hysteresis 0.02% full scale 
Repeatability 0,02% full scale 
A calibration certificate was included with the load 
cell. The calibration was with dead weights and was done 
just prior to shipping, therefore it was felt that a 
re-calibration was not necessary. The signal output at 50% 
of capacity was 1.5013 mv./v. input and at 100% of capacity 
the output was 3*005^ mv./v. On unloading to 50% of capacity 
the output was 1.501^ mv./v. input and at 0% of capacity the 
output was 0.0000 mv./v. input. 
Power supply 
The D.C. power supply, built to specification by the 
University electronic shop, is shown to the left of the 
oscilloscope in Fig, 13. A 6.55 volt signal was used for the 
displacement transducer and a 14.25 volt signal was used for 
the load cell. The voltage was controlled with solid state 
4-IN538 
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zener diodes, A schematic diagram is shown in Fig. 12. 
Recording equipment 
The strain gage signals coming from the Wheatstone 
bridges were recorded by using a Polaroid camera to take 
pictures of an oscilloscope trace as shown in Fig. 13. The 
oscilloscope was a Tektronix, model 502A with a dual beam. 
This model has a sensitivity from 0.1 mv./cm. to 20 v./cm. 
The sweep rate ranges from 1 psec./cm. to 5 sec./cm. 
A Fairchild camera with a 75 mm. F 1.9 Wollensak 
Oscillo-Anastigmat lens was used for recording the oscillo­
scope trace. Two tests were recorded on each 3 lA- x 4 1/2 in. 
picture. The scope image was reduced by one-half. 
This type of recording system is essential for the quick 
response to input signals. According to Rona (4^, p. 165)î 
Cathode-ray oscilloscope displays are remarkably flexi­
ble in amplitude, sensitivity and frequency response; 
they are just about unsurpassed for visual observation 
of phenomena ranging from D.C. to several megacycles 
per second. The use of records obtained through 
CRO display is rather questionable; the resolution of 
photographs is often less than 1^; record lengths are 
either of one sweep duration (0.1 to 0.001 sec.) or 
involve a high-speed camera time base which., of course, 
introduces its own time-resolution errors. The 
photograph or film reading is also apt to inject 
random errors.... 
Therefore some error is inherent in the recording system 
itself. Since the scope image was reduced on the photograph 
even more care is needed in obtaining data from the picture. 




Fig. 13 shows the motor circuit controls on the left 
side of the picture. The magnetic start-stop switch is the 
vertical black box. The power control and fuse box is the 
part laying on the desk. The solenoid valve on the hydraulic 
system and the oscilloscope were triggered by a micro-switch. 
The micro-switch is on the desk top just to the left of the 
power switch in Fig. 13. 
Soil compaction equipment 
The soil compaction box dimensions, see Fig, 1^-, were 
^-1+ in. X 15 1/2 in. x 12 in. One-half inch exterior plywood 
was bolted to an angle iron framework. The box was placed 
on two, 6 in. x 6 in. timbers which were supported at each 
end and in the middle. The soil compacting force was 
transferred to the soil by two 2 1/2 in, x 11 in, x ^ 0 in, 
planks which were glued together. The bottom of the two 
planks was covered with a metal plate which was held in place 
by angle iron along the edge of the bottom plank. Iron 
straps were welded to the angle iron and used as clamps 
across the top of the two planks as shown in Fig. l4. An 
upright 6 in. x 6 in, timber was used to transmit the com­
pacting force from the hydraulic press and to the planks. 
The hydraulic press had a capacity of 60 tons. 
The soils were stored in the metal bins seen in the 
Fig, 1^+, Soil compaction equipment and soil storage bins 
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background in Fig. 1^-. 
Procedure 
The testing procedure was divided into two parts. The 
first part of the procedure was the preparation of the soil. 
The preparation consisted of obtaining the desired moisture 
and density level for the soil. The second part of the 
procedure was testing the shearing strength of the prepared 
soil for different loading velocities with the two shearing 
cylinders. 
Soil preparation 
An estimate of the total volume of soil needed for the 
tests was made from preliminary studies. This volume of 
soil was weighed (average of about 400 lbs. for each of the 
three soils) and the moisture content was determined. This 
information was then used to determine the weight of water 
needed to bring the soil up to a given moisture content. 
Distilled water was added with a sprinkling can and mixed 
about 5 times for every change in moisture level. The soil 
was then allowed to set overnight so the moisture would 
become more evenly distributed. 
About 50 lbs. were put into the soil box and the soil 
was leveled to prevent any high density spots. Next the 
soil was compressed to the desired reading on the pressure 
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gage. The smooth compressed surface was then scarified with 
a four-tined hand rake and the next layer applied. Five to 
seven layers were thus applied, depending upon the moisture 
of the soil and the density desired until the soil was within 
1 1/2 in. of the top. To obtain uniformity on the high 
moisture, low density tests for the Norfolk sandy loam only 
three layers were used. 
Average moisture and density values for the soil were 
obtained from three soil samples. A sample was taken in 
each end of the soil box and one sample was taken in the 
middle, as shown in Fig, 15. The variation between the 
three samples was less than Q% for the moisture content and 
less than 9% for the density values. The most variation 
occurred during tests on the Norfolk soil. The jack shown 
in Fig. 16 was used to obtain a sample when the soil was at 
a high density. 
Shearing the sample 
A compressed-air hose was attached to the outlet of the 
oil reservoir of the hydraulic system and the valve opened to 
move the outer portion of the shearing cylinder into position. 
The air pressure was needed to overcome the force of an 
internal return spring in the hydraulic cylinder. The end 
caps were then removed for inserting the test sample. The 
sampling cylinder was cleaned with an oily rag to reduce 
Fig. 15. Location of moisture and density samples taken 
Fig, 16. Jack used to take soil samples 
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adhesion and a sample was obtained. The alignment ring was 
put on the shearing cylinder and the sampling tube slipped 
into the alignment ring, Fig. 17. The push rod was then used 
to insert the sample into the shearing cylinder. The soil 
was trimmed flush with the ends and the caps were replaced. 
The air hose was removed and the compressed air in the oil 
reservoir released to take off the back pressure in the 
reservoir. The needle valve was set for the desired speed 
setting. The centrifuge was brought up to speed and the 
displacement of the scope trace produced by the centrifugal 
force was eliminated. The triggering system was set for the 
proper voltage. The microswitch was pushed and the completed 
circuit triggered the solenoid valve on the hydraulic system 
and the oscilloscope simultaneously. The centrifuge was then 
stopped with the brake. A soil sample that has been sheared 
is shown in Fig. 18 (Ida silt loam, high density and moisture). 
A second test at the same settings was run, and then the 
Polaroid picture was developed to see if both tests were 
nearly identical. If a fairly large discrepancy existed 
(cm. difference in peak load trace) a third sample was run 
provided enough soil samples were available. At each density 
five needle valve settings were used for the 2-in. shearing 
cylinder and four of the five settings were used for the 
3-in. shearing cylinder. After completing all of the tests 
the soil box was emptied in preparation for the next series 
4 
Fig, 17. Inserting the soil sample into the shearing 
cylinder 




Considerable difficulty was encountered at the 20 and 2h 
percent moisture levels with the 3-in. samples on the Luton 
soil. The jack could be used to obtain a full 9 in. sample 
(length) but it was impossible to push the sample out and 
into the shearing cylinder even though the surfaces were 
oiled. Therefore, a sample less than the full 9 in. was 
used and the ends were packed out to the end caps. An 
effort was made to center the sample so that an equal amount 
was packed into each end. 
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ANALYSIS OF RESULTS 
Conversion of Data 
The shearing forces and displacement as a function of 
time were initially recorded on Polaroid film by taking a 
time exposure of an oscilloscope trace, Fig. 19, 20, 21, and 
22. The force-time trace starts at the lower left, peaks 
and then decreases as the trace moves to the right. The 
displacement-time trace starts at the upper left and 
progresses down and across to the right. Two strength 
values were obtained from the trace. The peak or maximum 
load and the "initial yield point" (64J or point at which 
the load trace made a definite break from a nearly straight 
line. For the slow shear velocities, Figs. 20, 22, the 
"initial yield point" is rather obvious. But it is not as 
obvious for the higher shear velocities, Figs. 19 and 21. 
The load or soil strength was converted from cm. on the 
trace to lbs. of force by using the appropriate attenuation 
and calibration factors. 
The slope of the displacement-time curve was taken at 
the same point in time as the two load points. This was 
then converted to absolute velocity at that instant. For 
the maximum load recorded the load cell would allow the 
center portion of the shear mechanism to move 0,004 in, in 
0.0175 sec. or an average velocity of 0.23 in./sec. The 
Fig. 19. Sample test data at a high loading velocity 
(Norfolk sandy loam - 2-in. sample - 10 msec./cm.) 
Fig. 20, Sample test data at a low loading velocity 
(Norfolk sandy loam - 2-in. sample - 20 msec./cm.) 

Fig. 21. Sample test data at a high loading velocity 
(Norfolk sandy loam - 3-ln. sample - 10 sec,/cm.) 
Fig. 22. Sample test data at a low loading velocity 
(Norfolk sandy loam - 3-in. sample - 20 msec,/cm.) 
+i6 
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outer portion moved 0,71 in. but if we use OA in. in 0.0175 
sec, the average velocity is 22,8 in./sec., the center 
portion velocity is only 1% of the 22,8 in./sec. Therefore, 
the velocity used is essentially the relative velocity 
between the two shearing elements. A similar analysis for 
the "initial yield point" yields average velocities of 
O.^in./sec. for the center portion and 12in,/sec, for the 
outer portion. The average velocity of the center portion of 
the shearing cylinder is 3*3^ of the average velocity of the 
outer portion, so the velocity measured is further from a 
true relative velocity. The displacement-time curve is not 
perfectly linear so the velocity obtained depended on the 
displacement to the peak as well as the valve setting. 
To be sure the load trace was representative of the soil 
force and not a reaction due to some mechanical part of the 
system, several runs were made with a spring for load. 
Figs. 23, 2h, After removal of the center portion of the 
shearing cylinder, a spring was attached between the load 
cell and the outer portion of the shearing cylinder. Several 
tests were then made. The load trace starts, at the lower 
left and proceeds to the right. For the slower tests the 
load and displacement trace is essentially a straight line 
while for the faster tests an initial acceleration period 
occurs before the load and displacement trace become straight 
lines. However, there is no indication of a break in the 
Fig, 23. Sample test data for the 3-in. shearing cylinder 
with a spring for the load (10 msec./cm, in 
upper half-high velocity and 20 msec./cm, in 
lower half-low velocity) 
Fig. 2k, Sample test data for the 2-in. shearing cylinder 
with a spring for the load (10 msec,/cm. in 
upper half-high velocity and 20 msec./cm. in 
lower half-low velocity 
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load trace in Figs. 20 and 22, 
The digital computer was used to convert the raw data 
to usable values and pi terms, tables in Appendix D. The 
computer was also used extensively for the analysis of the 
data. The only term which is not self explanatory or has not 
been clarified is the strain rate. As mentioned earlier the 
strain rate for a triaxial test is defined as the loading 
velocity divided by the specimen length expressed as a 
percent per sec (64). A strain or strain rate for soils is 
an average value because of the large strains involved and 
the lack of knowledge about the velocity at the actual points 
of strain. For the ring shear system an average strain rate 
would again be the loading velocity divided by some length. 
The appropriate length becomes somewhat arbitrary as shown 
in Fig. 25. Since there was little indication of soil 
movement at the ends some value for the length less than 
2 D would be indicated, A value equal to the diameter of 
the shearing cylinder might be appropriate since shear occurs 
on both sides of the center portion. If the diagram in 
Fig, 25 is assumed correct the velocity computed is essen­
tially the relative velocity between point A and point B. 
The shape of the velocity distribution between the two 
points would not be linear because of the nature of the 
medium. 
\o VO 
Fig, 25. Schematic diagram of the shearing cylinder displacement for 
the strain rate definition 
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Development of Prediction Equations 
Three methods of data analysis were represented in the 
literature review; discussion of graphical presentation of 
the data, dimensional analysis and application of data to 
theoretical equations. The first method does not provide a 
means of obtaining a prediction equation. The last method 
has met with little success because of the number of terms 
to be evaluated, A dimensional analysis approach has been 
used with varying degrees of success for model studies using 
soils. The development of a function relating the independent 
and dependent terms by dimensional analysis procedures was 
considered. However, the data did not satisfy the criteria 
for multiplicative or additive combination of the terms (^0), 
Other procedures with dimensionless terms [similar to those 
used by Larson (29)] were also tried, but no relationships 
could be developed for the variables measured. 
Statistical procedures, as outlined in the following 
sections, were finally used to determine equations relating 
the shearing stress to the other variables measured. 
Statistical analysis is also helpful in determining which of 
the chosen variables has the most influence in explaining the 
variation in the data. 
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Maximum load data 
A few preliminary plots (curves not fitted) were used as 
an indication of the magnitude and type of response to some 
of the major variables, Figs. 26 and 27. The shearing stress, 
S, appears to have a linear response to the loading velocity, 
V, or strain rate, 8^. Figure 26 also indicates the large 
effect of density on the shearing stress values obtained. 
The increasing then decreasing values of shearing stress as 
moisture is increased for a given velocity can be seen in 
Fig. 27. 
A multiple regression was initially used to test all 
possible variables and several combinations of the variables 
measured. For tests run on each soil the following variables 
were found to be consistently pertinent; sample diameter, D, 
moisture, M, density, W, and loading velocity, V. The 
pressure gage reading, P, (gage on hydraulic press used for 
compacting the soil) and displacement to peak load, X, did 
not consistently add to the ability of the equation to fit the 
experimental data. Also the displacement and pressure reading 
would not be measurable for most situations in which a soil 
strength estimate would be desired. The basis for judgment 
was the square of the coefficient of multiple correlation 
(hereafter called R^) and the standard error which is the 
root mean square of the deviations from the estimated values. 
2 If all of the points are estimated exactly; then R would 
(Vi 20 
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Fig. 26, The response of shearing stress to the strain rate at two 
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The response of shearing stress to the loading velocity for 
four moisture levels (W = 90.6 lb./ft.3) 
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equal one and the standard error would be zero. 
When the experimental data was not divided according 
to soils, the following variables were added; cation exchange 
capacity, percent sand, percent silt and percent clay. Since 
the exchange capacity is a function of the amount of clay or 
lack of it, the cation exchange capacity is not independent 
of the other three terms. The analysis indicates that using 
any combination of two of the last three terras results in an 
equation with less variation. 
Some of the equations obtained are shown in Table 4. 
2 Also listed are the respective R values for both models and 
standard errors for the linear model. All of the equations 
show the largest contribution to the estimated shear stress 
to be from the density term with smaller contributions from 
the moisture, loading velocity and other variables. This is 
true for both the linear and exponential models. The coeffi­
cients of the variables or the powers of the variables had 
algebraic signs which agreed with the expected direction of 
Influence of the variable. For example, a positive coeffi­
cient or power for the density would be expected since the 
shear strength of the soil increases as the density Increases, 
2 Since the R values were greater for the exponential model 
perhaps a combination of linear and exponential terms would 
provide an equation with a closer fit to the data. 
A factorial arrangement of the treatment combinations 
Table 4, Coefficients and exponents for initial terms for maximum shearing stress equations 
Soil Constant D M W V P X % % Std, 
sand silt err. 
Coefficients for linear model 
All soils 13.62 -3.05 -0.494 0.487 0,0467 0.589 -0.309 0.642 3.09 
luton -14.19 -6.10 -0.470 0.734 0.0719 0.640 3.51 
10.33 -6.19 0.316 0.0798 0.0292 0.695 3.23 
Ida -34.41 -2.00 -0.290 0.614 0.0535 0.734 1.85 
Norfolk -25.97 -1.38 -1.53 0.461 0.0258 0.732 1.86 
Exponents for exponential model 
All soils -6 2.80x10 -0.590 -0.949 4.68 0.214 -1.36 0.146 0.758 
Luton 2.40x10"^ -0.983 -0.725 3.68 0,203 0.708 
3.64xlO"2 
-0.990 -0.909 0,210 0.582 0.763 
Ida 9.38x10"^ ° 
-0.392 -0,412 5.34 0.233 0.767 
7.68x10*1° 
-0.525 -0.538 5.53 0.214 0.161 0.776 
Norfolk 1.^4x10"^ -0.415 -1.59 6.89 0.177 0.790 
2.89x10"^ -0.385 -1.62 6.82 0.152 0.127 0.796 
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•was used in computing an analysis of variance. All of the 
data could not be used since velocity control settings, 
moisture levels, density levels and two determinations had to 
be used to fit the arrangement. The soil was divided by soil 
type because of different moisture and density values and 
divided by cylinder size because of the different velocities 
observed for the same hydraulic valve setting. The computer 
program was written to list in tabular form the mean shearing 
stress values across combinations of moisture, density and 
velocity control settings as well as the usual sum of squares 
and mean sum of squares due to each factor and combination of 
factors. The usual statistical test on the mean squares were 
not valid because there were no repetitions of the same 
moisture and density combination for a given soil. However, 
the relative magnitude of the mean squares was indicative of 
the contribution of that particular factor in explaining the 
variation of the data. The mean square values were large for 
moisture, density, velocity control setting or velocity and 
the moisture-density combination. The other combinations of 
the three variables did not yield as large a mean square (by 
a factor of 10 or more). The moisture-density combination 
implies that the shearing stress not only depends on the 
moisture and density but the effect of moisture depends on 
the density level and vice versa. This is referred to as an 
interaction. 
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A relationship between the mean shear stress and both 
moisture and density was determined, see Appendix B. The 
equations determined indicate the type of terms (linear or 
exponential) that best describe the average data and, there­
fore, indicate the type of terms needed in a multiple regres­
sion for an equation of best fit. Plots of the shearing 
stress and velocity indicate a linear relationship. Fig. 26, 
which can be added to the multiple regression. The mean 
shearing stress values averaged across velocity were then 
used in a multiple regression to check the type of moisture 
and density terms added M, M^, (M-b)&, W and (¥-c)^ and also 
interaction terras Î4W, (M-b)^^^(W-c)^^^, where a, b, cr and d 
are constants. There was insufficient mean shearing stress 
data to run the regression on the Norfolk soil. For the 
remaining two soils, the terms M, M^, W, (¥-c)^ and MW 
resulted in the best fit for the 2-in. soil sample. For the 
3-in. sample a better prediction was obtained by using all 
seven terms listed above. 
The next step utilized all of the original data for a 
P P 
multiple regression with the following terms; M, M , W, W , 
W^, MW, and V. The resulting equations become independent of 
the previous selection of the constants b and c. The coeffi-
2 dents of the variables, constants, the R values and standard 
p 
error values are listed in Table 5. The R values were greatly 
increased and the standard errors were decreased. However, 
Table 5. Coefficients for intermediate terms for maximum shearing stress equations 
p Constant Coefficients R 
Ti ^ w Vf 
IM: 
Ida silt loam 
2-in. sample 
74.6 0.0745 5.70 -0.0231 -0.0617 -3.47 0.0314 0.904 1.30 
3-in, sample 
0,25 0.0427 4.44 -0,0369 -0.0381 -1.78 0.0171 O.8O4 1.14 
Luton silty clay 
2-ih. sample 
-317 0.136 8.40 -0.0431 -0.101 5.79 -0.0166 0,872 2.37 
3-ln. sample 
-360 0.0444 -0.0074 -0.0019 -0.0012 10.4 -0,0725 0.567 2.10 
Norfolk sandy loam 
2-in. sample 
-0.31 0.0462 12.2 0.110 -0.156 -0.658 -0.0122 0,866 1.44 
3-in. sample 
38.0 0,0174 12.4 0.0266 -0.141 -1.94 0.0172 0.833 1.31 
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if a given moisture and density is selected and used in one 
of the equations, the shearing stress becomes a linear 
function of the loading velocity or strain rate. It can be 
easily seen from Figs. 26 and 27 that the slope of this 
function is dependent upon the density and moisture of the 
soil. Thus terms such as VM and VW should be added to 
account for this variation. The resulting equations (Equa­
tions 1 through 6) are shown in Table 6. The values 
showed very little, if any, increase which indicates that the 
change in slope due to density and moisture level changes 
was only a small part of the variation of the data. The 
2 R value decreased for the Norfolk soil with the 3-in. sample 
size. 
Three other equations for the maximum load data were 
developed to determine the feasibility of combining some of 
the data and reducing the number of equations. The data was 
divided by cylinder size to obtain two of the equations, 
which are; 
2-in. soil sample 
S = -235.23 + 0.194 V + 2.68 M - 0.0159 M2 
- 0.03^ 7 MW + ^ .52 W - 0.018^  + 0.001^ 9 V>1 
- 0.377 sand)+ 0.540 clay) -0.00164 VW (7) 
3-in. soil sample 
S = -84.87 + 0.0359 V + 1.27 M + 0.00175 
- 0.0212 MW + 1.70 W - 0.00584 W2 
Table 6, Coefficients for final terms for mariTmim shearing stress equations 
Constant Coefficients 
M IF m w IF VM W 
Ida silt loam 
2-in, sample 
(1)  93 .26  -0 .242  6 .12  -0 .0203  -0 .0671  -3 .87  0 .0335  -0 .00209  0 .00426  0 .909  1 .28  
3-in. sample 
(2) 50.00 -0.108 4.99 -0.0299 -0.0455 -2.40 0.0208 -0.00305 O.OO263 0.833 1.07 
Luton silty clay 
2-in. sample 
(3) -282.11 -0.328 9.08 -0.0395 -0.112 4.78 -0.00952 -0.00406 0.00820 0.882 2.30 
3-in. sample 
(4)  -285 .21  -0 .0348  0 .0150  -0.0141 8.31 -0.0553 0,000919 0.000851 O.6OI 2.09 
Norfolk sandy loam 
2-in. sample 
(5)  -18.42 -0.172 12.22 0.143 -0.156 -0.834 0.0124 -0.0144 0.00330 0.881 1.38 
3-in. sample 
(6) 34.56 0.0673 12.10 0.0221 -0,138 -1.87 0.0169 0.00137 -0.000592 0.831 1.34 
Ill 
+ 0.000991 VM - 0.000221 7W - 0.259 sand) 
+ 0.171 i% clay) (8) 
The respective values are 0.8^3 and 0.662 and the 
respective standard error values are 2.^1 and 2.01. The 
third equation integrated all of the data. The loading 
velocity terras were changed to strain rate terms to eliminate 
the velocity difference between sample sizes. 
S = -163.05 + 0.321 8^  + 2.09 M - 0.00874 
- 0.0286 MW + 3.25 W - 0.0127 + 0.00264 Sj^ M 
- 0.00278 Sj^ W - 0.322 (fo sand) + 0.37^ clay) 
- 2.19 D (9) 
2 The R' value and the standard error are 0.722 and 2.73 
respectively. 
A multiple regression equation was also computed with 
the 3-in. sample size data for the Luton soil removed. 
S = - 207.50 + 0,391 8g + 2.18 M - 0.0117 M2 
- 0.0284 MW + 4.04 W - 0.0166 
+ 0.00269 8^ M _ 0.00347 8^ W _ 0.317 sand) 
+ 0.505 clay) - 0.985 D (9a) 
2 The R value and the standard error are 0.807 and 2.39 
respectively. 
Initial yield point data 
Although this value is not as well defined for some 
of the tests, it is a definite phenomenon at the slower 
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strain rates. The torque record (torsional shear test) in 
Larson's thesis (29, Fig. 31) shows a rise in torque, then a 
plateau with very little increased torque then a sudden rise 
to the maximum. The draft force trace (29, Fig. 32) is a 
series of peaks and troughs, and a break can be seen on the 
rise portion previous to the peak in many cases. Whitman 
and Healy (6^) also discussed the observance of an "initial 
yield point" at small strains with higher stresses occurring 
at larger strains on the same test. This was observed on 
loose sands. Whitman and Healy attribute it to a "phenomenon 
known as liquification". The sand is in a meta-stable condi­
tion and the initial structure collapses with small shearing 
stresses and considerable displacement occurs before the 
sand particle friction again increases the shearing stress 
(64). Some double peak values were also discussed in one of 
the Massachusetts Institute of Technology reports (33). If 
the relationship in Fig. 1 is assumed correct the partial 
collapse of the "initial structure" might be a break between 
the cohesion portion of the shear strength and the additional 
strength from dilatency, friction and interference. If this 
were the case, the initial yield point would have shearing 
stress values comparable to the cohesion of a soil for the 
same loading velocity. 
Initial multiple regressions based on a linear model 
and the same variables as before were computed for the 
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Initial yield point data. The coefficients of the variables, 
2 the constants, R values and the standard error values are 
tabulated for each of the equations listed in Table 7. 
Moisture, bulk density and loading velocity were the vari­
ables which consistently gave the better values. Replace­
ment of the bulk density with the pressure gage reading for 
the Norfolk soil did improve the R^ value considerably. 
Since the type of equation and results were similar to those 
for the maximum load data the analysis of variance was not 
computed. 
With the data divided by soil type and sample size, 
multiple regression equations were computed for the shearing 
stress as a function of; 7, M, M^, MW, W, and W^. The 
results are listed in Table 8. The last term, W'^, increased 
p 
the R value a minor amount for three of the equations. 
To adjust the effect of the loading velocity term 
according to the moisture and density of the soil, the terms 
VM and V¥ were added. The new equations were then computed 
2 
with the results listed in Table 9. The R values increased 
p 
for all but one of the equations. The R value decreased for 
the Norfolk soil and the 3-in. sample size, which also 
occurred for the maximum load data. 
The equations developed from the initial yield point 
data for each cylinder size are; 
2-in. soil sample 
Table 7. Coefficients for initial terms for initisil yield point shearing stress equations 
2 Constant Coefficients R Std, 
« " ? P % slît 
err. 
All soils 
2.79 -0.833 -0.331 0.290 0.0858 -0.321 -0.150 0.605 1.63 
Ida silt loam 
-21.21 -0.377 -0.294 0.374 0.0665 0.771 1.09 
Luton silty clay 
-19.67 -1.413 -0.194 0.465 0.1021 0.753 1.32 
-20.64 -1.550 -0.215 0.482 0.0760 21.5 0.760 I.30 
Norfolk sandy loam 
-11.56 -0.579 -0.981 0.231 0.0464 0.678 1.32 
2.30 -0.698 -0.044 0.0626 0.0119 0.755 1.15 
M 
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s = - 98.65 + 0.153 V + 0.^ 52 M + 0.00758 
- 0.0145 MW + 2.04 W - 0.00809 + 0.000150 VM 
- 0.000515 vw - 0.249 {% sand) + 0.228 
{% clay) (10) 
3-in. soil sample 
S = - 65.72 + 0.138 V + 0.329 M + 0.00617 
- 0.00973 MW + 1.38 ¥ - 0.00545 - 0.000847 VM 
- 0.000814 VW - 0.178 {% sand) + O.I32 
{% clay) (11) 
The respective values are 0.802 and 0.785 and the 
respective standard error values are 1.32 and O.98. The 
equation developed by fitting all of the initial yield point 
data and by using strain rate in place of velocity is: 
S = - 84.01 + 0.417 8^  + 0.407 M + 0.00695 M^  
- 0.0123 MW + 1.74 W - 0.00689 W^  - 0.00225 Sj^ M 
- 0.00218 8^ W - 0.217 sand) + O.I83 clay) 
- 0.0679 D (12) 
2 The R value and the standard error for this equation 
are 0.765 and 1.26, respectively. 
Table ô. Coefficients of intermediate terms for initial yield point shearing stress equations 
2 Constant Coefficients R Std. 
M WW W • 
err. 




















2.42 -0.0325 -2.91 0.0231 0.874 0.94 
2.02 0.00661 -0.0306 -10.05 0.106 -0.000321 0.878 0.93 





-0.0282 2.30 -0.00783 0.854 1.19 
-0.0229 11.63 -0.149 0.000697 0.861 1.16 
-0.0115 1.88 -0.00389 0.840 0.82 
-0.0153 -4.45 0,0855 -0.000462 0.847 0.80 
6.23 0.250 -0.111 -0.704 0.00929 
5.64 0.225 -0.0981 -2.46 0.0169 
0.826 1.11 
0.775 0.90 
Table 9. Coefficients for final terms for initial yield point shearing stress equations 
Coefficients R Std, 
err. 




Ida silt loam 
2-in. sançle 
(13) 108.34 -0.449 
3-in, sample 
(14) 64.33 -0.0824 
Luton silty clay 
2-in. sample 
(15) -108.53 -0.669 
3-in. sample 
(16) -89.07 -0.103 
Norfolk sandy loam 
2-in. sample 
(17) -0.14 -0.753 
3-in. sample 
(18) -22.86 0.409 
2.74 0.00227 -0.0362 
2.24 -0.0272 
3.67 -0.0276 -0.0359 
2.07 -0.0204 -0.0154 
6.79 0.240 -0.108 
3.44 0.164 -0,0674 
-3,28 0.0248 -0.00471 
-2.10 0.0164 -0.00605 
1.75 -0.00445 -0.00750 
1.74 -0.00793 -0.00476 
-0.574 0.00758 -0.0404 
0.00410 c?.00270 
0.00732 0.881 0.92 
0,00313 0,879 0,63 
0.0152 0,873 1.12 
0.00404 0.850 0.80 
0.0113 0.849 1,04 
-0,00403 0,734 0,96 
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DISCUSSION OF RESULTS 
The soil shearing stress data obtained indicates varying 
degrees of response to the loading velocity or strain rate. 
The degree of response varies with the soil type, diameter 
of the test sample, soil moisture content and soil density. 
Therefore, a statement about the effect of a change in 
loading velocity or strain rate should be qualified by stating 
the soil type, moisture content, soil density, sample size 
and type of test used. 
There was a high correlation (0.999) between W and 
for all of the numbered equations and a correlation of 0.98 
2 between M and M , However, these terms were statistically 
significant for most of the equations. MW, ^  sand and % clay 
were statistically significant for all equations in which 
they were used. V was correlated with VM and V¥; 0.79 and 
0.95 respectively, VM was not statistically significant for 
all but five of numbered equations. However, the slope of 
the function, S = f (V), does change with the moisture 
content. V¥ was not statistically significant for most of 
the equations for the 3-in. sample size. V was not consis­
tently significant and was affected by VM and V¥. The diame­
ter was significant for the maximum load data (Equation 9 
and 9a) and not for the initial yield point data (Equation 
12). All of the tests were at the 95^ level. 
119 
The discussion is divided into two parts, one part 
pertaining to the maximum load data and the second part 
pertaining to the initial yield point data. Although the 
initial yield point was not well defined for some of the 
tests, the repeated occurrence of this phenomena in this 
research and in other studies made it of sufficient interest 
for analysis. 
Maximum Load 
A comparison of the derived equations with some of the 
data for a given soil, sample size, moisture and density are 
shown in Figs. 28, 29 and 30. Strain rate values are used 
rather than velocities for the graphs in order to have the 
same range of values for both soil sample sizes. Multiplying 
the coefficient of the velocity terms by the appropriate 
diameter will convert the equation to one with strain rate 
terms. The equations for the Luton soil. Fig. 28, and the 
Norfolk soil. Fig. 29, should have a lower intercept and 
larger slope to fit the particular set of data plotted. 
Each division of the data significantly reduced the 
residual sum of squares which indicates the best prediction 
of the shearing stress is obtained from the equation developed 
for a specific soil type and sample size. This is also 
indicated by increased values and smaller standard error 
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Fig, 28. Comparison of sample maximum load data and the 
multiple regression equations from Table 6 for 
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Fig, 29. Comparison of sample maximum load data and the 
multiple regression equations from Table 6 for a 
3-in. sample 
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Fig. 30. Comparison of sample maximum load data and all 
multiple regression equations for the Ida soil 
(M = 20.2#: and W = 84^ 1 lb./ft.3) 
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7,8,9 and 9a. Equation (Luton soil; 3-in. sample size) 
is the one exception. However the general equation, Equation 
9a, yields values for the shearing stress which are reason­
able. For the sample data in Fig. 30, there is less than 
10% variation between the shearing stress values given by 
Equation 9 and Equation 7 for the 2-in. sample and less than 
26% variation between Equation 9 and Equation 2 for the 3-in. 
sample for this particular set of data. 
A more general comparison of the predicted values and 
experimental values for the maximum shearing stress is 
illustrated in Figs. 31 and 32. There is more scatter of 
the data points in Fig, 32 since the predicted values were 
obtained from the general equation (Equation 9a). 
Past research with triaxial tests indicate strain rate 
effects varying from no effect for a dry sand to as much as 
300^ for a "medium soft slightly sensitive clay, undisturbed" 
with a moisture content of 27%. The percent increase in 
strength represented a change in strain rates from 0.03 to 
1000 #/sec. The samples were 3.5 in. long which yields 
loading velocities of 0.01 to 35 in./sec. The maximum load 
data follows the same trend, that is, the soil with a high 
clay content has a larger strain rate effect than the sandy 
soil as indicated by the loading velocity coefficients in 
Table 5. The slopes for the equations in Figs. 28 and 29 are 
also larger for the smaller sample size, therefore, the 3-in. 
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IDA SILT LOAM 
PREDICTED VALUES FROM EQUATION 
2-IN SAMPLE SIZE 
R^ = 0.9I STD. ERR =1.28 
/ 
1 6 -
4 6 8 10 12 14 16 
PREDICTED SHEARING STRESS, Ib./in.^ 
18 20 
Fig. 31, Comparison of maximiim shearing stress values and 
predicted values from Equation 1 
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IDA SILT LOAM 
PREDICTED VALUES FROM EQUATION 9a 
2-IN. SAMPLE SIZE 
20 








PREDICTED SHEARING STRESS, , lb. / in.' 
Fig. 32. Comparison of maximum shearing stress Values and 
predicted values from Equation 
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sample is not effected as much by a change in the strain rate. 
Figure 27 shows the trend of decreasing slope for the higher 
moisture contents. 
One of the larger strain rate effects was obtained 
during the tests on the Luton soil (M = 18.9^ and W = 73*3 
lb./ft.3) with the 2-in, soil sample. A strain rate effect 
of 86^  was obtained for a change in strain rate from 3.8 to 
22.0 in./in.-sec. (7.6 in./sec. to ^ 4.0 in./sec. loading 
velocity). A strain rate effect as low as 5^ was obtained 
for one set of tests on the Norfolk sandy loam soil. 
The test data for the 3-in. sample on the Luton soil did 
not conform as well to the terms used in the final regression 
equations as the rest of the data. The first indication of 
this difference is illustrated in Appendix C where the 
equation of the shearing stress as a function of the moisture 
2 is different for the Luton soil (3-in. diameter). The R 
values are lower for all of the following multiple regres­
sions which were computed (Tables 5 and 6) with the 3-in. 
sample data for the Luton soil included. However, this is 
not the case in Tables 8 and 9 (initial yield point data). 
This indicates that the maximum load data for this sample 
size may be in error. As stated previously, it was impossi­
ble to obtain a long enough sample to fill the shearing 
cylinder for the Luton soil for the second and third moisture 
levels. The shearing cylinder was filled by adding soil to 
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each end after the partial sample was Inserted into the 
shearing cylinder. Thus, a smaller normal force may have 
been exerted on the sample during the shearing process which 
would give a smaller, maximum load value but would not alter 
the initial yield point value. 
The addition of terms for the moisture and density 
interaction with the loading velocity added some to the 
ability of a given equation to predict the shearing stress 
for all but one equation (compare values in Tables 5 and 
6). For the tests on Norfolk soil with a 3-in. sample size 
2 the addition of these terms decreased the R value. This 
indicates that an average coefficient for the loading 
velocity is sufficient for the data and adjustment due to 
moisture and density only complicates the prediction. 
Initial Yield Point 
The comparison of the derived equations with some of the 
data for a given soil, sample size, moisture and density are 
shown in Figs, 33? 3^, and 35» The scatter of the data 
points indicate the difficulty in duplicating tests and 
determining the values from the photographs. Even though 
the initial yield point data appears to be more scattered in 
some instances, Figs, 33 and. 3^, the trends are consistent 
enough to obtain prediction equations. The more general 
equations (Equations 10, 11, and 12) do not predict the 
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Fig. 33. Comparison of sample initial yield point data and 
the multiple regression equations from Table 9 
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Fig. 3^+. Comparison of sample initial yield point data and 
the multiple regression equations from Table 9 
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Fig. 35. Comparison of sample initial yield point data and 
all multiple regression equations for the Ida 
• soil (M = 20.2# and W = 84.1 lb./ft.3) 
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shearing stress value as well as the equations developed for 
a specific soil and sample size. Each division of the data 
significantly reduced the residual sum of squares which is 
p indicated by increased R values and decreased standard 
error values. There is a maximum of 4-9^ difference between 
values given by the equations in Fig. 35 for the 2-in. soil 
sample while there is less than 27^ difference for the 3-in. 
soil sample equations, for this particular set of data. The 
predicted equations are above and below the data shown which 
accounts for the large variation between predicted values. 
A comparison of the coefficients of the loading velocity 
in Tables 5 and 8 indicates that the initial yield point is 
more sensitive to a loading velocity change than the maximum 
load point. The slopes given in the equations in Figs. 33 
and 3^ also indicate this effect. A strain rate effect of 
65^ was observed for the tests on the Luton soil (2-in. 
sample, M = l8.9^ and W = 73*3 lb./ft.3) for a change in 
strain rate from 3*6 to 10.8 in,/in.-sec. On some of the 
tests on the Norfolk soil for a 3-in, sample the shearing 
stress increased less than 1 Ib./sq.in. with a change in 
strain rate from 7 to 12 in./in.-sec. (Figs. 4l and U-2). 
The moisture and density interaction with the loading 
velocity again adds to the ability of a given equation to 
predict the shearing stress for all but one of the equations 
(compare R values in Tables 8 and 9). A better prediction 
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of the shearing stress for the Norfolk soil with a 3-in. 
sample is obtained by using the equation without VM and VW. 
An example is shown in the upper part of Fig. 3^, The 
coefficients of VM and VW are such that when the soil has a 
low moisture value and a large density value the resulting 
equation [S = f(V)3 has a negative slope. 
Rowe (^8) developed some equations to predict the change 
in cohesion as the loading velocity changed for Ida and 
Luton soil, A 4^1n. diameter torsional shear mechanism was 
used to determine the cohesion values. The effective rate of 
displacement was considered to be the rate at 2/3 of the 
radius of the cylinder. The average equations determined for 
loading velocities ranging from 0.76 to 23 in./sec. were; 
Cj = 0.968 + 0.0133 V 
= 2.39 + 0.0^ -35 V 
where Cj = cohesion for the Ida soil 
= cohesion for the Luton soil 
V = loading velocity 
The moisture and density for the Luton soil was 26,8% 
and 69.1 Ib./ft.^ (wet basis), respectively. This corresponds 
closely with the moisture and density values for the Luton 
soil in Fig. 3^. Both the slope and intercept of the 
equation in Fig. 3I+ are considerably higher but this is for 
a 3-in. diameter sample. The general equation determined for 
all of the initial yield poiht data in terms of loading 
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2 
velocity is (R = 0.764 and Std. Err* = 1,27); 
S = - 80.35 + 0.0866 V + 0.379 M + 0.00677 
- 0.0124 MW + 1.73 W - 0.00691 + 0.000833 VM 
- 0.000236 VW - 0.217 sand) + 0.182 clay) 
- 0.830 D (19) 
If the moistures and densities from Howe's data are used 
and a D value of 4 in. is used, the preceeding equation 
becomes; 
Sj = 0.54 + 0.081 V 
Sl = 3.03 + 0.093 V 
This is an extrapolation beyond the sample size included 
in deriving the equation, but it does give a method for 
comparing the results. 
The graph of the equations for the Ida soil would 
cross, since Howe's equation has a larger intercept but 
considerably less slope. Rowe's equation for the Luton soil 
would always give lower shearing stress values but the slopes 
are more nearly the same» The difference in the type of 
shear mechanism and the range of loading velocities could 
account for much of the difference in the equations. 
Sample Size Effect 
As can be seen in Fig, 26 and from the data in Appendix 
D the shearing stress values are less for the 3-in, sample 
than the 2-in, sample. The magnitude of the difference is 
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larger for a dry and dense condition of the soil. This 
effect has also appeared in model tillage studies (6 and 29). 
In both of the preceding references the larger the dimension 
on the soil shearing edge the lower the draft pi term when 
plotted against the velocity pi term. 
An attempt was made to define a shearing stress which 
might be independent of the sample size. Instead of using 
the original cross sectional area to compute the shearing 
stress, the area which still had soil to soil contact at the 
maximum load was determined from the known displacement. The 
new shearing stress values were still not independent of the 
sample size. 
A dimensional analysis approach was considered for 
developing a prediction equation with the 3-in. sample as the 
prototype and the 2-in. sample as a model. The system is not 
a true model since the soil particles are the same for both 
sample sizes, therefore a distorted model is needed to describe 
the system. Insufficient information was available to 
evaluate a distorted model. Information from tests on at 
least one more sample size would be needed. 
Figures 28, 29, 30, 33, 3^? and 35 all indicate lower 
shearing stress values for the 3-iii. soil sample. Even 
though the intercept of the equations given in the figures 
are nearly the same the slope is always less for the larger 
sample size. The coefficients and exponents for D in Table ^ 
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and the coefficients of D in Table 6 and Equation 19 show a 
decrease in shearing stress with an increase in sample size, 
but the magnitude of the coefficient is misleading because 
of the difference in the velocities for the two sample sizes. 
The coefficient of D in Equations ^a and 12, -0,985 and 
-0.0679, respectively, give an indication of the influence 
of sample size on the resulting shearing stress values since 
the strain rate values are more nearly the same for both 
sample sizes. The coefficient in Equation 12 indicates 
there is considerably less effect of sample size when the 
initial yield point data is used. The difference in the 
magnitude of the coefficients in Table 4- and Table 6 again 
indicate the decrease of sample size effect for the initial 
yield point data. The coefficients for D are always larger 
for the soil with the highest clay content (Luton). 
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SIM^IARY AND CONCLUSIONS 
Soil shearing stress values were measured for different 
strain rates on three soils using two soil sample diameters. 
A range of moistures and densities were used for each of the 
three soils tested. These data were then analyzed by statis­
tical procedures which consisted of an analysis of variance 
and multiple regressions. Multiple regression equations were 
obtained for the data when it was divided by soil type and 
soil sample diameter, then divided by soil sample diameter 
and then for all of the data combined. 
Two soil shearing stress values were analyzed. The 
initial study was on the maximum shearing stress for each 
test. Observation of a second point of interest led to the 
analysis of an "initial yield point". The shearing stress 
value was predictable from multiple regression equations for 
both sets of data. 
The following conclusions can be made for the three 
soils over the range of data taken: 
1. The maximum soil shearing stress increases as the 
loading velocity or strain rate increases. The 
degree of the increase in the soil shearing stress 
is a function of the soil type, sample size, 
moisture and density. 
2. Multiple regression equations can be used to predict 
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the maximum soil shearing stress. Better prediction 
is obtained from equations developed for a particu­
lar soil and sample size, but the more general 
equations give reasonable results. 
The maximum soil shearing stress values were 
generally lower for the larger sample size. 
The shearing stress values obtained from the 
"initial yield point" were consistent and predictable 
by multiple regression equations. Items one and 
two above also apply to these values. 
The "initial yield point" shearing stress values 
were nearly the same for both sample sizes, with 
inconsistently lower values for the larger sample 
size. 
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SUGGESTIONS FOR FURTHER RESEARCH 
The applicability of the derived equations to other 
soils with similar physical properties should be verified 
under similar conditions. The data could also be used for 
predicting soil strength values for model tillage research 
on similar soils. The ultimate test would be application and 
verification of the relationships for "undisturbed" soil 
samples from the field. 
Further investigation of soil properties related to the 
soil strength is needed. Some measurement of the chemical 
bonding in a soil, that is repeatable and easily obtained, 
needs to be developed. The moisture content of a soil given 
as a percent by weight seems inadequate when trying to compare 
strength values of a clay soil and a sandy soil. 
A more positive control of the loading velocity would 
be desirable. The velocity should be controlled in such a 
way that it is entirely independent of the soil shearing 
strength. Loading velocities could then be repeated for 
different sample sizes or changed for a given sample size 
to obtain equal strain rates. 
The "initial yield point" needs further investigation. 
If the resistance to expansion during the shearing process 
is eliminated, the maximum shearing stress may occur at 
the "initial yield point". This type of test might 
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eliminate the dilatency component of shearing stress with the 
peak value being the cohesion of the soil. 
Iko 
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APPENDIX A: DEFINITION OF TEMS AND SYMBOLS 
D - diameter of the soil test sample or inside diameter of 
the shearing cylinder in inches. 
M - soil moisture in percent on a dry weight basis with 
subscript numbers denoting moisture levels. 
N - needle valve settings with subscripts denoting setting 
levels which controls the loading velocity. 
P - pressure gage reading from the hydraulic press used to 
compact the soil in Ib./sq. in. - the approximate 
pressure on the soil = 0,063? + 0.20. 
2 R - the square of the coefficient of multiple correlation, 
Std. Err, - standard error for the multiple regressions. 
Strain rate - triaxial tests (64) - loading velocity divided 
by the specimen length expressed as % / s e c ,  
direct r-ing shear test - loading velocity divided by an 
appropriate length in this case it is equal to the 
diameter of the specimen expressed as in./in. - sec. or 
% / s e c .  
Strain rate effect - a percent increase in the shearing 
stress value for a given change in the strain rate. 
V - velocity to which the specimen was subjected at the 
time when the shearing stress was determined in in./sec, 
W - bulk density of the soil in Ib./ft.^ on a dry weight 
basis with subscript numbers denoting density levels. 
X - displacement of the shearing cylinder in inches. 
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APPENDIX B: PROCEDURE USED TO DETERMINE 
THE CATION EXCHANGE CAPACITY 
Place 1 gm. of soil in a 125 ml. erlenmeyer flask and 
add 20 ml. NaOAc (1 N buffered at pH 7). Shake for 30 rain, 
on a wrist action shaker. Filter and leach with 20 more 
mis. of NaOAc. Now leach with 10 mis. NaCl (1 N soin.). 
Leach CI" out of residue with ethanol. Determine K"*" in 
filtrate. Shake residue with 20 mis. NH^0Ac(l N, pH 7) for 
30 min. Filter and leach with 60 more mis. of NHi^OAc. Take 
filtrate and increase volume to 100 mis. and determine Ka"^  
in filtrate on flame photometer. 
Three samples were run on each soil. There was 
variation in the values for the Ida soil and 21^ variation 
for the Norfolk soil. Due to the difficulty in processing 
the Luton soil, only one of the three tests was usable. 
This value was comparable to those given in the literature 
for a Luton silty clay, therefore, the process was not 
repeated. 
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APPENDIX G: DETERMINATION OF MULTIPLE REGRESSION 
TERI4S FROM THE AI^^YSIS OF VARIANCE 
The computer program for an analysis of variance 
determines the mean shearing stress values averaged over 
various combinations of the factors; moisture levels, density 
levels and over the needle-valve or velocity-control settings, 
N levels. Tables 10 and 11. By plotting the mean shearing 
stress values, Fig. 36, 37, and 38, the general trend of the 
reaction to each variable can be seen and also points that 
vary from the general trend become apparent. Fig, 36. With 
only three or four points the exact curve is not as com­
pletely defined as would be desired. A single curve can be 
obtained by using the means shown in the margin of Tables 
10 and 11. Thus the mean averaged over two of the variables 
is obtained. The single curve points were adjusted if needed 
by either increasing or decreasing the value for a point 
that varied from the general trend when the series of curves 
was used such as in Fig. 36. 
An equation was then developed to fit the single curve. 
For the case,illustrated in Fig. 39, a translated parabola 
described the curve. In Fig, 4o a straight line was used 
from the first to the second point and then different powers 
of (¥-78,9) were tried until the amount added to the pre­
dicted value fit the curvature. Methods outlined by Jensen 
(24) were used for some of the curves. The following 
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Table 10. Mean shearing stress values for levels of 
moisture, density and needle valve settings 
% "2 M3 Mean W Mean N 
4.66 7.14 6.85 5.58 6.06 
"2 11.44 8.80 10.04 6.91 9.30 
"3 16.87 18.38 13.29 9.99 14.63 
Mean M 10.99 11.44 10.06 7.49 
12.62 11.82 11.54 8.55 11.13 
«2 11.82 12.57 10.98 8.67 11.00 
"3 11.96 12.94 10.55 7.95 10.71 
% 10.09 11.62 9.96 7.11 9.69 
% 8.46 8.82 7.26 5.20 7.43 
Mean M 10.99 11.44 10.06 7.49 




stress values for 
and densities 
levels of needle 
Ni %2 "3 N4 "5 
Mean 
W 
7.20 7.04 6.30 5.63 4.14 6.06 
«2 10.31 9.80 10.11 9.36 6.91 9.30 
Wj 15.89 16.19 15.73 14.09 11.25 14.63 

























IDA SILT LOAM 
2-IN. CYLINDER 
o W| =78.9 \h/U? 
a W2 = 84.4 Ib/ft .^ 
A W," 90.1 Ih/ft .^ 
14 16 18 20 
MOISTURE, % 
22 24 
Fig. 36, Response of the mean shearing stress to the 









IDA SILT LOAM 
2-IN. CYLINDER 
R A N G E  7  
TO 50 in./sec. A N 3 X N4 
14 16 18 20 
M O I S T U R E ,  %  
22 24 
Fig. 37. Response of the mean shearing stress to the 
























TO 50 in./sec. 
80 82 84 86 88 
DENSITY, lb./ff.3 
90 
Fig. 38. Response of the mean shearing stress to the 
























o AVERAGE FOR DATA 
• PREDICTED VALUES 
2 
0 
14 16 18 20 
MOISTURE , % 
22 24 
Fig. 39. Mean shearing stress as a function of the moisture 
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I D A  S I L T  L O A M  
2-IN. CYLINDER 
CJ. 




o AVERAGE FOR DATA 
• PREDICTED VALUES 
5^ 80 82 90 84 86 88 
DENSITY, lb./ft.3 
Fig. ^ 0. Mean shearing stress as a function of the density 
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Ma gUt l2âB 
2-in» cylinder 
S = 0.0536(M-I5.^)^ + 11.72 
S = -koA + 0.588 W + (0.00135)(W-78.9)^ 
3-in. cylinder 
S = 11.10 - 0.0043^  lê - 7.55 X icrii(24.4 -
S = 22.58 + 0.372 W + 0.0008 (W-78.9)3 
Luton silty clay 
2-in. cylinder 
S = -0.0518(M_18.7)2 + 17.71 
S = -160.0 + 2.68W - 0.0132(W-63.48)3 
3-in. cylinder 
LL  
S = 7.85 + 0.0829 M + 0.000176(29.5-M) 
S = -65.4 + 1.16W - 0.0292(W - 63.5)2'^ 
Norfolk sandy loam 
2-in. cylinder 
S = 8.95 - 0.384(M - 4.53)2 
3-in. cylinder 
S = 7.69 - 0.294(M - 4.53)^ 
In Fig. 36 the curves tend to be closer together at the 
high moisture levels and farther apart at the low moisture 
levels. This indicates that the mean shearing stress depends 
on the percent moisture and density, but the response to 
either variable depends upon the level of the other which is 
called an interaction. Some interaction exists in Pigs. 37 
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and 38. Although the effect is not as large, the slope of 
the linear relationship between shearing stress and velocity 
does depend on the moisture and density level, 
A multiple regression was then run using the terms in the 
above equations and the mean shear stress values in the upper 
2 part of Table 10, which eliminated any velocity term. The H 
values were all high with small standard errors so the indi­
vidual terms were used for the multiple regression on the 
original data. 
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APPENDIX D: EXPERIMENTAL DATA 
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I D A  S I L T  L U A M  
C A t l O N  F X C M A N C . f  C A P A C I T Y  •  1 7 . 0 0  M r U / l O O  C R A M S  
I T K C L M  S A K O  •  I  T . ( ,  
» r fs'.' •* I ^ i I I • 6^,7 
P r « H  N 1  C l A Y  •  1 6 .  f  
( r w ^ ' l  4 A I U R I  •  u .  j i r r - R f f s  F A H R I ' N H E I T  
c m s s u H C  C A r . c  K C A O I N O  .  ^o o .  
«  »  i . s  p r w r r N i  -  t  
OlNSirv •  1t»f >  PIJUNOS/CUOIC FUCT-I 
lUA SILT LOAM 
CAritlN rxCHANGE CAPACITY • 17.00 MCu/lOO CRAMS 
penctsT SAKn # 17.fc 
PrKCfNT SILT • 65.7 
PIKCCNI CLAY • 16.7 
TfMPFRAruRC - 0. rECfters FAHRCNHEIT 
PRtSSUKE GAGE KEAOISC " 400. 
HaUTU«t • n, \ PCRC€NT - 1 
ncMSiTv • *>.$ PuuNOS/cueic rour - 2 
VF L, STK--HA ir SM[ AK DISP. VfcL. STH-RATE SHEAR OlSP. 
I.X/SCL IN/lN-SfC tnS/SQ IN IN S/WO V/ •AX IN/SCC IN/IN-SEC LRS/SQ IN IN S/WO 
INCH CYL 2 INCH CYL 
SO. 7000 2'».  >5C0 *. 4 729 C .4 360 49. 7«76 0. 2117 46. 0909 21. 0455 11.0459 0.4462 1)1. ,7878 0. 1924 
42./son 21. 1250 5. 2929 c. 2941 58. 9 154 0. I 764 42. 2500 21 . 1250 14.9096 C.4056 150, 6146 0. 1764 
}<i.UOOO 19. 50C0 5. C(,9 Î G .21)2 56. 4260 0. 1628 39. COCO 19. 50C0 14.9096 0.3955 150, .6146 0. 16^8 
)J.OCOO 16, .90C0 5. 5911 C .1825 62. 2)45 0. 1411 16. ,2141 18. 1071 10,9959 0.2941 111. ,0783 0, .1512 
I*». (14 iH 4. 9 «4 7 0 .2941 55. 5462 0. 1)2) 36. 214) 18, 1071 10.8095 0.3042 109 .1956 0. 1512 
29.HZn 14. 9iim 4. W03 0 .4969 48. 95 7 0 0. 1245 )0. , 727 ) 1>. 3636 10.4360 C.4056 105, .4302 0.1283 
2fl. If.67 |4, .n« 3 » 1. 95:1 C , .2719 43. 9 79 1 0. 1176 28. 1667 14. 08)1 10,0095 0.3346 109, 1956 0. ,1176 
?6,«n«,2 I J. 3421 5. ««93 C .28)9 65. 55)7 0. 1114 25. , 1500 12. 6750 11.5550 0.1420 116 ,726) 0. 1058 
2 J.04*.5 11. 5227 5. 069 3 c .1217 56. 4260 0. 0962 4. 21U2 4 , 6091 9, 1322 0.3042 92 .2515 0. 0365 
a.7414 ,1707 1. 4292 0, .1825 J8. 1705 0. 0)65 U. 9094 4, 4947 8,7594 C.3245 88 .4861 0. ,0)75 
ft.I '74 ,000 7 4. 1002 c .25)5 45. 6)07 0. 0)41 
) INCH CYL 
INCH CYL 78. CCOO 26. OOCO U.C994 G.eiiz T4 .7495 0. 2659 
Ml.7742 27. 2581 6. 6265 0 .6895 49, 1710 0. ,27*8 72. ,4286 24, , 1429 8.6145 0.6490 58 .0145 0, .2469 
7a.cuQ0 2h. ooco 6. 6265 0 .5780 49, , 1 710 0. 2659 6), ,)750 21. 1250 11,7621 0.5070 79 .2121 0 .2161 
61.624) 20. 6098 6. 6265 0 .4969 49. 1730 0. . 2 i c e  6).  3750 21.1250 8.4488 0.3752 56 .8989 0 .216 1 
60. ^*>71 20, ,i 190 6. 12 95 0 .4259 45, 4H50 0, 2058 56. 3)13 18. 7778 8,44H8 0.3853 56 .8989 0 .1921 
SO.7000 l6.9f)C0 4. 9699 u . 7096 Î6.BT97 0. IT2& 46 .0909 15. 3636 6.7922 0.5273 • 45 .7422 0 .1571 
46.0909 IS . 16)6 6, ,2952 G .4056 46, .7143 0. 1571 40 .5600 I). 5200 9.4428 C.5374- 63 .5920 0 .1)83 
15.6401 .2160 , 11)3 C .5070 24.5865 0. 053) 1) .7027 .5676 6*6265 0.5070 44 .6266 0 .0467 
14.7)44 .9121) 4« ,0507 C . )14i 10. ,1104 0. ,050? 12 .6750 .2250 7.4548 0.5476 50 .2049 0 .04)2 
I D A  S I L T  L U A M  
C A l l U N  f c l C H A N G t  C A P A C I T Y  •  1 7 . 0 0  M E Q / l O O  C R A M S  
H f ^ C C N T  S A N P  .  1 7 , 6  
prMCfNT SILT • I")'». 7 
P E K C t M T  C L A Y  •  l b . 7  
T F ^ P t R A T U R »  '  0 .  l U r . R f c C S  F A H R E N H E I T  
P K L S S U H t  G A G E  K ^ A n l N O  '  6 0 0 .  
H t 1 l \ T U « E  •  1 2 . f c  P t H C f N T  _  J  
DENSITY • mq.s puusns/cuoic fuqt - 3 
tOA SILT LOAM 
CATIUN EXCHANGE CAPACITY • 17.00 MEU/lOO GRAMS 
PE4CCNT SANO - 17.6 
PERCENT SIL7 • 65.7 
PtKCENt CLAY « U.7 
TCMPERATURC • 8b. PTGRECS FAHRENHEIT 
PRESSURE CAGE f^EADING " 150. 
MOISTURE • IS.4 PERCENT- 2 
DENSITY • 79.5 POUNOS/CUBIC FOOT- J 
VTL. STK-•KATC SHfAH ni sp. Vtl. STK-•HATE SHEAR OlSP. 
IN/SEC IN/IN-SEC Lr.i/SQ IN IN S/WD v/vTTC IN/StC IN/IN-SEC LBS/SO IN IN S/WO 
INCH CYL 2 INCH CYL 
3(S,2141 . in. .1071 19, 0, . 3650 1H3. 5485 0. 1512 S6.)331 28, .1667 7. 82 76 0. 7706 85. 0756 0. 2)52 
14.9655 17. 4828 19, .)W25 C, .2 789 187. 1474 0, 1460 50.70UO 25, .3500 7.6412 0. ,5070 8), 0500 0, .2117 
)3.hC00 16. 9000 IP. ,6171 0, .2941 1 79. W495 0. ,1411 4P.2H57 24. 1429 0.9458 c. ,4969 97.2292 0. 2016 
)1.6875 r>. 84 30 20. ,1280 c. ,25)5 194, .)454 0. 1)23 4P.2057 24. 1429 6.5230 0, 4563 .70, .896) 0. 2016 
29.R/15 14, ,9 1 im IR, 6371 0, .1146 V 79. 9495 0. 1245 46.2PS7 24, .1429 8.9458 c. ,5577 97. 2292 0. 2016 
26.6(142 I 1 ,1421 16, 5H70 0, 25)5 .1550 0, 1114 42.2500 21. 1250 6.6957 0, .5997 74. 9475 u. 1764 
24.1429 12 ,0714 14, .5169 0 .114) 140. 3606 0. 1008 32. 7007 16. 3548 7.8276 c. ,5577 85, .0756 0. 1)66 
22.04 35 11. 021 7 16, 4006 c, .26)6 150, .3555 0. 0920 )0.?27) 15. 3636 6.8957 0. ,5273 74. 9475 0. 126) 
0.4500 .2250 1 1 . 5550 0. 3)46 111, ,5607 0. 035) 10.7872 5, .3936 5.2184 0. 4462 56. ,717: 0. ,0450 
7.4559 1. ,f2T9 13, .1914 c. 2616 13). 1626 0. 0311 10.7872 5, )936 4.8456 0. ,385) 52. 6658 0. 0450 
INCH CYL 3 INCH CYL 
i> ». )7,U 21. 1250 1 1 . , SI >6 c. 6591 74. 1 125 0. 2161 97.1R18 30. , 727) 8.7801 0. 9227 6). 6191 0. 314) 
48.2H57 16. 0952 1 I . , 762 1 0. 4766 75, 7121 0. 1646 04.5000 28. 1667 7.3720 0. 6794 5). ,4161 0, ,2881 
46,0«40n IS. .36 3f> 12. .5904 c. 4766 Ml . ,0419 0. 15T1 77.4?«36 24. 1429 7.6205 0. 8011 55. ,216b 0, .2469 
42.2500 14, 00)) 12, 2590 c. 4259 70. ,9112 0. 1440 67.6000 22. 5)3) 7.2892 0. 6)80 52. 8159 0. ,2)05 
36,2143 12, .0 714 11, , fSOO c. 4462 80, ,50fl5 0. 1235 67.6000 22.5)33 7.2063 c. 6084 52. 2157 0. 2305 
14,9655 11, 6552 12. 09)4 0.4664 77. 0440 0. 1 192 67.6000 22. ,533) 6.9578 0. 6692 50. 4152 0. ,2305 
12.<.750 2250 n. 2^31 0. 24)4 5). 11(34 0. 043? 17.4820 5. 0276 5,7902 0, 7098 42. 0126 0. ,0596 
12.6750 S ,  2250 8, ,6145 c. 4867 55. 4511 0. 0432 17.4*28 5, ,8276 6,1295 0, 6692 44. 41)4 0. ,0596 
Fig, ^ 1. Experimental data for the maximum load 
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UENSMY • 81.6 I'lJUN.JS/CUHtC fOU( - 1 
IDA S1L1 LOAM 
CATION C*CHANGC CAP*CITV • 17.00 «€«/lOO ORAHS 
PEKCtM SANU • 17.6 
PEHCTM SILT • 65.7 
PfKCfNÎ CLAY • 16.7 
IfMiTWATUKC • 90. CCGRCeS FAHHCSMtlT 
PWLbSU4E GAGE RtAOiNG - 130. 
HiJl^TurtE • 2 0 . ?  PERCTNT .  3
DCHiJTY • 84.1 PUUNDS/CUBIC FOOT -2 
V t  I .  M H  -HAtf SHI AH D|\P. VCL. STK-•HATE SHEAR O l S P .  
i N / s r c  i N / I N - b E C  i n s / s u  I N  I N  S / M U  v / / c r  I N / S E C  I N / I N - S C C  L B S / S U  I N  I N  S / M O  V/ / C T  
I  INCH CYL 2 INCH CYL 
M . i  r s o  .6fl 7 ^  ,  b  7  m  U .6440 90 . m o l o  0 ,  .2646 56, ,1)33 28. , 1 6 6 7  12.8596 0 132. 1560 0, 2352 
6 5 . j r s o  M  . 6 m  f i  \ \ .  , J0H6 C .64-10 120 .4101 u ,  .2646 50, .  7 0 1 ) 0  25, .3500 1 2 . 6 7 3 2  0  .50 70 1  JO. 2 4 0 7  0 .  2 1 1 7  
6) , t f M '  11 , 6m f ,  A, , 2O1)  0 ,  .64 90 H6, B5 12 .  0 ,  .2646 50, ,7000 25, ,3500 1 1 . 5 5 5 0  0  .5476 u r n .  7488 0 .  2 1 1 7  
% 9 . ( , 4 7 |  2 ' l .  , " 2  3 5  fl« , •>45B 0  . S f l H l  94. ,  r 4 f l 9  0 ,  . 2 4 9 0  48. , 2 8 5 7  2 4 .  1 4 2 9  10.2504 c  . 5 3 2 4  105. 3417 0 .  2 0 1 6  
>9.6* 7 1  ? ' l ,  •  n ;  1 5  n  i  ,5no 0  .6imH 90, WUI0 0 ,  .2490 4H, 2457 24.1429 10.9959 c  . 5 1 2 1  1 1 3 .  0 0 2 9  0 .  2 0 1 6  
4 6.U'^U9 ? i .  , 0 4 5 5  H i  ,5710 0 ,  . 54 76 90, , P 0 1 0  0 ,  1924 4H, .285 7 24, ,1429 12.8596 c  . 5 2 7 3  1 3 2 .  1 5 6 0  0 .  2 0 1 6  
*2.2>0<» 2 1 .  ,1250 n .  , 200 } 0 . 6 2 1 7  R6, • 532 0  .\TC4 .0R7O 2 2 .  ,0435 1 0 . 6 2 3 1  0  . 5 0 1 0  1 0 9 .  1 7 2 )  0 ,  1841 
3 1 . 6 1 7 5  1 ) .  , M 4  j O  m ,  . 125B 0  .59B3 Hft, . 0 6 1 6  0 ,   1  323 44, .0H7O 2 2 ,  0435 1 0 . 0 6 4 0  0  .5374 1 0 3 .  4264 0 ,  1641 
M  .6" n ,  , n 4  M  6, , m 'M 0 ,  .62B7 71 , , 0 6 1  7  0 ,  1  323 31, .6875 15, ,84 3 8  9.5049 0  .6084 97. 6805 0 .  1323 
V U ^ ? 2 7  !>.   7 6 1 4  4, ,0456 c  .7059 51, ,3223 0 ,  , 0 4 8 1  1 0  , 72 7 3 15. ,3636 10.6231 0  .5222 109. 1723 0 ,  , 1 2 0 3  
11.2667 , 6 ni 6 «  0  . 7 30 1 7 1  ,  061 7 u .  , 0 4 m  7 ,0417 3. ,5208 6 . 6 9 5 7  0  .6591 7 0 .  6 6 6 2  0 ,  0294 
1 0 , S 6 2 S  ) ,  2 m n  t .  ,0821 0  .4664 7 5 ,  0096 0 ,  .0441 7, 0417 3, , 5 2 C e  7 .1939 0  . 5 7 8 0  7 3 ,  9307 0 ,  0294 
) I N C H  C Y L  ) INCH CYL 
7R.uaU0 26, . u o c o  n .  , ' < 4 5 8  c  . m m  7  3  63, .1659 0  ,2659 . 5 0 0 0  2H. 1667 10.7681 0  .8510 7 3 ,  7747 0 .  2881 
7 2.4/ 8 6  2 4 ,  1421 fl< , 7001 0 ,  .9410 61.9962 0 ,  2469 78, . 0 0 0 0  26. OOCO 11.0994 0  • 7706 7 6 ,  0447 0 .  ,2659 
63, W50 21 . ,1250 7, .9510 c  .H619 56, .1475 0  .21f 1 78, 0000 26, . o o c o  10.1054 0  . 7737 69. ,2347 0 ,  2659 
^0,70UU 16, , 9 o c n  6, . 5 4 3 7  0  .H112 4 6  .2047 0  , 1 726 78 . 0 0 0 0  2 b ,  .OOCO 10.9337 .  0  .8112 74, ,9097 0 .  2659 
^ 0 . r n o o  16, .90C0 7, 454M 0  . B  )15 52, .63n3 0  , 1 72m 50 .  r o o o  16. 9000 9.4426 0 . 6 2 8 7  64, ,6947 0 ,  .1728 
* B . 2 P Ï 7  1 6 ,  0952 f .  ,6205 0  . 6 a  * 5  5 3  .AOUO 0  ,1646 5 0  .7000 16, .90C0 9.2771 c  . 7 5 5 4  6 3 ,  , 5 5 9 7  0 ,  . 1 7 2 8  
«6.0909 M  .  1 6 3 6  7 ,  040 f  0  . r9U9 4 9  . 71 19 0  . 1 5 7 1  9  . 2 1 8 2  3, . 0 7 2 7  7.C407 0  .6794 48. , 2 3 7 3  0 ,  , 0 3 1 4  
I 7 . 4 f l 2 «  b .  , 0 2 7 6  6 ,  0467 0  .7199 4 2  .6955 0  .0596 9 .0536 3 ,  . 0 1  7 9  7 . 2 6 9 2  0  . 9 1 1 2  49, ,9390 0 .  . 0 3 0 9  
V 6 . 3 * i * ^  s, 4516 b. ,6265 0  .6794 46 . 7 6 9 6  0  , 0 5 5 6  
1 6 . 3 ) 4 M  , 4 5 1 6  t ,  , 1 2 3 5  0  . 6 8 9 5  5 0  .2980 0 , 0 5 5 8  
IUA SiLt LUAM 
CAIION FXCKANf.t LAPACMY • If.00 lOO GRAMS 
Hf KCrM SAMl - I 7.ft 
P t K C f N I  s u r  •  6 « . .  7  
PCMCCNÎ CLAY • 16.7 
irMi'HAtuHf • n. nr^RTfs FAHRCNMEII 
PWrSSUHE GAGf BFAOINO • 120. 
» " j i s f u M i -  •  1 1 . 7  p f R c r w r -  i  
UENSIÎY • R7.0 PUUNDS/CUBIC fOUf-2 
IDA SUT LOAM 
CAIION exCt-ANGE CAPACITY • IT.00 ftg/lOO GRAMS 
PEKCENT SANO " 17.6 
PEKCfN! SUT • 65.7 
PEKCtNT CLAY - 16.7 
TEMPERATURE • 79. DEGREES FAHRENHCIT 
PRESSURE CAGE READING > 230. 
MOISTURE • 20.2 PERCENT «3 
DENSITY • 90.9 PUUNOS/CUBK FOOT » 3 
V {  1  *  STH - « A i r  SHf A R  U l S P .  VCL. S T K -• R A I E  S H E A R  O l S P .  
I N / s r c  I N / I N - S I C  LRS/SU I N  I N  S / t a U  V / / C T  I N / S E C  I N / I N - S E C  I B S / S O  I N  I N  S / M D  V / / G C  
INCH rVL 2  INCH CYL 
6 f  M  .BOCO 1 0 ,  .  0 6 4 0  0  . 6 6 4 2  .Ql 2 4  0 .  . 2 B 2 3  5 0 . 7 0 0 0  2 5  . 3 5 0 0  1 3 . 0 4 5 9  0  . 4 8 6 7  123.9469 0 ,  , 2 1 1 7  
59 .6471 2 7 ,  .B2 1 5  1 1 ,  C459 0  .5526 1 2 9  .5BC8 0 ,  .2490 48.2857 24, .1429 1 5 . 2 8 2 4  0  .4715 145.1949 0. , 2 0 1 6  
59 .64 7 1 ? i  . 8 2)5 1 2 ,  , 6 7 1 2  c  .6845 125, . « 7 8 5  0 ,  .2490 48.2857 2 4  . 1 4 2 9  1 3 . 4 1 6 7  0  .5476 127.4882 0 ,  , 2 0 1 6  
56 .3113 28, . 1667 11, .1822 c  .52 73 111, .0693 0 ,  . 2 3 5 2  48.2857 24, .1429 14.9096 c  .4969 1 4 1 . 6 5 3 6  0 .  , 2 0 1 6  
5 1 « 16A4 2 6 ,  .6842 12, .6 M2 0  .'•0 70 125, .8785 0 .  , 2 2 2 8  46. U Q J 9  2 3 ,  .0455 1 3 . 9 7 7 8  0  . 5 5 7 7  1 12.8002 0 ,  , 1 9 2 4  
50 . 7000 2 5 ,  .35CO 11, 5550 c  . 5 8 8 1  114, .7716 0 ,  . 2 1 1 7  46.0909 2 3 ,  . 0 4 5 5  17.1461 c  .4462 1 6 2 . 9 0 1 6  0 ,  1924 
42 ./•S'JO 21 .1250 10, .416m c .52 7 1 1 0 ) ,  6647 0 ,  1 764 40.5600 20, .28C0 14.9096 c  .4563 141.6536 0 ,  1694 
42 .2500 2 1 ,  .1250 1 2 ,  .R5'»6 0 .5729 1 2 7 ,  .7297 0 ,  .1764 26.1667 14, .0833 14.5369 c  .4157 1 3 8 . 1 1 2 3  0 .  . 1 1 7 6  
1 1  . P O ' i n  16. 
1 5 .  
,90CO ,  P  7 76 c  .4160 98 , . 1 1 1 2  0 .  1411 28.1667 14, 0833 1 5 . 6 5 5 1  G  .4667 1 4 6 . 7 3 6 3  0 .  1 1 7 6  
11 , 6 M  f5 ,B4J0 11, ,92f 7  0  .4867 1 1 8 ,  4 739 0 ,  . 1 3 2 3  26,6842 13, , 3 4 2 1  1 2 .3005 0  . 3 2 4 5  1 1 6 , 8 6 4 2  0 ,  1114 
1  1  .2*6 7 5, .61)1 . 186 7 0  .4B1 r  83. ,3020 0 .  ,0470 15.3616 7 ,  , 6 8 1 8  9.6913 0  . 5 0 7 0  92.0748 0,0641 
1 1  .2667 5, .631) 9, , 1185 c  .4259 92, , 5 5 / 7  0 ,  04 70 1 4 . 9 1 1 8  f .  ,4559 1 1 . 1 6 2 2  0  . 5 2 7 3  1 0 6 . 2 4 0 2  0. 0 6 2 3  
1 I N C H  C Y L  3 INCH CYL 
.  7 5 0 4  7 4 . 4 9 9 3  
.5rno 211, . 1 6 6 7  1 1 , 0 .8 7 7 1  7 3 ,  4477 0 .  , 2 8 8 1  78.0000 2 6 ,  O O C O  1  1 .  7 6 2 1  0  0 .  2659 
.5000 2H. 1667 1 1 ,  , 9 2 7 7  0 . 8 4 1 6  78, ,9026 0 ,  , 2 8 8 1  7 2 . 4 2 8 6  24, .U29 10.6024 0  . 5 6 6 1  67.1543 0 ,  2469 
T ;  . 4 ; « 6  2 4 .  ,  1  4 / ' »  i n ,  6024 0 ,  . 8 1 1 2  7 0 ,  2068 0 ,  , 2 4 6 9  6  7 . 6 0 0 0  2 2 .  5  3 33 1 3 . 2 5 3 0  0  .7605 83.9429 0 .  2 3 0 5  
72 , 4/06 2 4 ,  10, c ,  , 8 5 1 8  71, , 3 0 3 7  0 .  1 2469 6 7 . 6 0 0 0  2 2 .  5 3 3 3  1 3 . 2 5 3 0  0  . 7 4 0 2  8 3 . 9 4 2 9  0 .  2 3 0 5  
4 6  . C v n y  15, .16)6 , p r r i  c  ,  7  7 5  7  6 1 ,  . 4  309 0 ,  , 1 5 7 1  50.7000 1 6 ,  9000 1 2 . 9 2 1 7  0  .6895 6 1 . 8 4 4 3  0 .  1 7 2 8  
4 6  . 0 9 0 9  1 5 ,  ,  3 6 ) 6  1 0 .  9)17 I ) ,  7706 7 2 ,  4007 0 ,  , 1 5 7 1  48.2857 1 6 .  ,0952 1 1 . 5 9 6 4  0  • 6946 7 3 , 4 5 0 0  0 .  1646 
I B  .TTfft ,2591 7 .  , 7031 c  ,  7 3 0 1  5 1  ,  , 0 0 9 6  0 ,  16.3546 5 ,  , 4 5 1 6  9.6084 0  • 6645 6 0 , 8 5 8 6  0 .  0 5 5 6  
1 7  .4B2B 5. ,B276 r ,  , 8 6 9 0  0 ,  7960 5 2 ,  , 1 0 6 6  0 .  0 5 9 6  1 5 . 8 4 3 6  5 .  2 8 1 3  9.9398 0  . 6 1 6 5  62.9572 0 ,  0)40 
Fig. 4l. (Continued) 
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IDA SILT LOAM 
CATIUN EXCHANGE CAPACITY • 17.00 MEQ/lOO CRAMS 
PERCENT SAtO • If.6 
PEKCCNT SILT • 6S.r 
PERCENT CLAY • 16.7 
TEMPERATURE • 75. DEGREES FAHRENHEIT 
PKbSSURE GAGE HEADING > 15. 
MOISTUHC • ?4.3 PFPCFNT - t 
DENSITY • 79.7 PUUNDS/CUBIC FOOT . I 
IDA SILT LOAM 
CATION ExCHANf.E CAPACITY • 17.00 MEQ/100 CRAMS 
fTKCCNT SASn • 17.6 
PE-tCCNT SILT • A5.7 
PtnCfcNT CLAY . 16.7 
fEHPCKATURE • 7 7 ,  nCOHEES FAHRENHEIT 
P*<CSSUME GASE HEADING " 40. 
MOISTURE • 74.) PEHCFNT-t 




iN/iN-SCC LBS/SL IN 
UISP. 
IN V/ /CT 
VIL. SIK-WAÎE SHEAR 
IN/SEC IN/IN-SEC LBS/SO IN 
OISP. 
IN 
? INCH CYL 2 INCH CYL 
54.6471 29.H235 6. 5210 0. 6540 70. 7112 0, .24<ï0 59.6471 29, .8235 7. 19)9 C .5476 73, .7482 0.2490 
56.33)3 2B.1667 7. 6412 0, ,6084 62. 8331 0. 2352 56.33)3 28, .1667 8. CI 39 0 .6490 82. 1547 0.2352 
53,3h84 26.664? 6. 8957 0. 6064 74. 7519 n. 2228 50.7000 25. 3500 8. 9459 c .5070 91. , 7076 0.2117 
53.3684 26.6842 6 » «957 0 .  ,6084 74. 7519 0 .  2226 50.7000 2b. )5C0 7. 9394 0 .4667 81. 3905 0.2117 
48.2flSf 24. 1429 5. 6657 c, ,5374 61. ,41 77 0 .  2016 44.0970 22. 04)5 7. 8276 C .4667 80. 2441 0.1841 
46.0909 23.0455 6. 03*4 0 .  6084 65. 4584 0 ,  .1924 44,0870 , 22. .0435 6. 8957 G .4867 70. ,6913 0.1641 
33.HCn0 16.90C0 4. 6220 0 .  6540 50. 1039 0 .  1411 )2. 7097 16. 3548 6. 7093 0  .5273 68. , 7807 0.1366 
33.6000 1O.90C0 4. 5847 0. 59)2 49. c. 1411 32.7097 16. 3548 7. 19 J9 0 .52 73 73. 7482 0.1366 
10.3469 5. 1735 3. 5410 C. 6642 38. 3861 0 .  ,04)2 10.3469 5. 17)5 4. 2492 0 .5577 43. 5611 0.0432 
10.1400 5.0700 3. 3919 0. 5760 36. 7696 0 .  ,0423 lU.1400 5. 0700 4. 1747 c .4411 42. 7969 0.0423 
3 INCH CYL 3 INCH CYL 
101.4000 33.H0C0 7. 703 3 c. 8619 55. 6711 0 .  3457 101.4000 33, ,60C0 8. 6145 Q. 6112 58. R740 0.3457 
101.4000 33.6000 7. 6205 1. 0647 55. 0724 0 ,  3457 92.1618 30. ,7273 7. 6205 0 ,  .7605 52. 0809 0.3143 
92.1RIM 30.7273 7. 1235 0 .  8416 51. 4808 0 ,  3143 92. 1816 30. ,7273 8. 11 75 0 .9126 55. 4 774 0.3143 
W4.5000 26. 1667 7. 7d6l 0 .  7706 56. 2697 0.2681 64.5000 28. ,1667 7. 7061 0 .9430 53. 7130 0.2681 
63.3750 21.1250 8. 28 U c .  7909 59. 8613 0 ,  2161 72.4286 24. ,1429 7. 7861 0 ,   7706 53. 2130 0.2469 
59.6471 19.8024 7. 6205 0 .  7504 55. 0724 0 .  2033 50.7000 16. 9000 6. 7922 0 ,  >6490 46. 4199 0. 1728 
56.3333 18.7778 7. 2892 0 .  7504 52. 6780 0 ,  1921 50.7000 16. ,90C0 7. 7861 c .7605 53. 2130 0.1726 
im.7770 6.2593 5. 9639 0 .  7096 43. 1002 0 .  0640 • 16.1071 6. ,0357 5. 3 8 4 0  c ,  .7504 36. 7963 0.0617 
18.7778 6.2593 5. 7154 0 .  7402 41. 3043 0 .  0640 ' 16.1071 6. ,0357 6. 460H G .5681 4 4 .  1555 0.0617 
17.4826 5. 8276 6. ;295 0, . 5 5 7 7  4 1 .  6 9 1 1  0 . 0 5 9 è  
IDA SILT LOAM 
CATION EXCHANGE CAPACITY - 17.00 MEQ/lOO GRAMS 
PERCENT SAND •  I 1 , b  
PERCENT SILT • 65.7 
PERCENT CLAY • 16.7 
TEMPERATURE « 75. DEGREES FAHRENHEIT 
PRESSURE CAGE HEADING • 95. 
MOISTUHC • 24.4 PERCENT- 1. 
DENSITY • 90.3 POUNDS/CUBIC FOOT. 3 
LUTON SILTY CLAY 
CATION EXCHANGE CAPACITY • 41.30 MEQ/lOO CRAMS 
PERCENT SAM) • b.5 
PERCENT SILT • 43.5 
PERCENT CLAY • 5U0 
TEMPERATURE • 75. DECREES FAHRENHEIT 
PRESSURE CAGE HEADING - 200. 
MOISTURE - 18.7 PERCENT- I 
DENSITY • 64.1 PUUNOS/CUBIC FOOT- I 
vr L. STR-RATE SHEAR n i s p .  VLL. STR-•RATE SHEAR 01 SP. 
IN/SCC IN/IN-SEC LDS/SQ IN IN S/HO IN/SEC IN/IN-SEC LBS/SU IN I N  S/MD V/ / C F  
2 INCH CYL 2 INCH CYL 
56.)))) 28. 1667 10.  PU95 C.5171 103, .4008 0 .  2)52 59.6471 29. 82)5 1 0 ,  .3622 0.5h78 I 39. 6829 0.2490 
5).3684 26. 6942 11 . 1822 0.4462 106 .9746 0. 222B 59.6471 29. 82)5 10, , )622 0.6)88 139. 6829 0.2490 
5).)6H4 2(,. 6842 10 , 4 )6A C.5273 99, .«429 0 .  2228 59.6471 29, .8235 1 0 .  , 8095 C.60H4 145. 7123 0.2490 
50.7000 25. 35C0 10.  8095 C.5070 103 .4088 0 .  2117 51.)694 26. 6842 12. ,5987 0. 7706 169. 8)03 0.2226 
46.0909 23. 0455 10 .8095 C.5171 1J3 .4088 0 .  1924 50.7000 25. 3500 11. ,4804 0.7909 154. 7566 0.2117 
44.08/0 22. 0435 10 >4368 0.5273 99, .8429 0 .  1841 48.2857 24. 1429 13. ,9778 0.4969 188. 4211 0.2016 
30.727) 15. 3636 9, > 8776 0.3904 94, >4942 0 .  12P3 40.2857 24. 1429 IÔ. ,02 79 0.4157 216. 0562 0.2016 
29.82 »5 14. 91 18 9, .6913 C.3904 92 .7113 0 .  1245 42.2500 21. 1250 12, , 30U5 C.4664 165, .8106 0.1764 
9.9412 4. 9706 7 .8276 0.4563 74 .8872 0 .  0415 34.9655 17. 4828 9, .3165 C.6591 125 .6141 0. 1460 
9.7500 4. 8750 8 .0139 C.4056 76 .6651 0 .  ,0407 33.8000 16. 90C0 10. 8095 0.5932 145 >7123 0.1411 
11.U717 .5109 6. 7093 C.4766 90 .4421 0.0460 
3 INCH CYL 9.941? >9 706 6. 6)48 0.4512 89 .4372 0.0415 
101.4000 33. BOCO 9 .6084 0.9126 61 .2 793 0 .  3457 8.4500 4. >2250 5, .5911 0.8923 75 . )685 0.0353 
84.5000 28. 1667 8 .6145 0.8923 54 .9400 0 .  ,2861 
7H.CC00 26. OOCO 9 .6084 0.4056 61 .2793 0 .  2659 3 INCH CYL 
72.4286 24. 1429 8 . 2831 0.9126 52 .8270 0 .  2469 92.1818 3U, . 72 73 9. 4426 0.6112 84, .8593 0.3143 
59.6471 19. 8824 9 . 2771 C.7098 59 .1662 0 ,  2033 84.5000 28 .1667 10. >2711 0.7096 92 . 3031 0.2881 
50.7000 16. 9000 9 .6084 0.6794 61 .2793 0 .  ,1726 78.0000 26 .OOCO >0286 0.7605 61 .1374 0.2659 
19.5000 .5000 6 .957B 0.6112 44 .3746 0 ,  .0665 72.4286 24 .1429 10 .7661 0.6490 96 .7694 0.2469 
10.7778 2593 6 .6265 C.7706 42 .2616 0. 0640 63.3 750 21 .1250 6 .4608 0.4157 58 .0616 0.2161 
50.7000 16 .9000 7 .9516 0.5729 71 .4605 0.1728 
50.7000 16 .90C0 6 .1175 0.6490 72 .9492 0.1726 
16.9000 5 .6333 6 .9576 0.5676 62 .5279 0.0576 
16.3546 5  .4516 6 .7922 C.5171 61 .0391 0 . 0 5 5 6  
Fig. 4l. (Continued) 
16^-
LurcN sury clay 
CATION CHCHANCC CAPACITY • 41.)0 MfQ/lOO CRAMS 
Pfc'KCtNÎ SAND - 5.i 
PEKCfNI SILT • 43.5 PERCENT CLAY • bl.O 
TCMPCRAfURE • 75. r^GAEES FAHRENHEIT 
PRESSURE CAGE HEADING • 400. 
MOISTURE • lfl.5 PtRCFNT- Î 
DENSITY • 67.0 PUUNOS/CUDIC FOCT. 2 
LUTCN SILTY ClAY 
CAT ION EXCHANGE CAPACITY • 41.30 MEti/|00 CRAMS 
PERCENT SASn • 5.5 
PERCENT SILT • 4).5 
PEKCtNT CLAY . 51.0 
TEMPERATURE • 78. DEGREES FAHRENHEIT 
PRESSURE CAGE HEADING • bOO. 
MOISTURE • lfl.9 PERCENT. I 
DENSITY • 73.3 PUUNDS/CUBK. FOOT - 3 
VtL. STR--RATE SHEAR OISP. VCL. STR -RATE SHEAR OISP. 
IN/SEC IN/lN-SEC LFtS/SU IN IN S/MD V/ZGC IN/SEC |N/|S-^'C les/su IN IN S/MD V//Cr 
2 INCH CYL 2 INCH CYL 
59.6471 29 .6235 16.6)71 C. 7504 237.3567 0.2490 44 .01170 22 .0435 27. ,2101 0 .6997 320. 9440 0.1041 
50.7000 25 .3500 18.0779 C.7301 230.2360 0. 2117 42 . 2500 21 .1250 29, 0 738 0 .6895 342. 9265 0.1764 
44.0A70 22 .0435 17.3325 C. 4867 220.7417 0. 1841 Ï6 .2143 IB .1071 34. 2922 0 .6490 404, .4 7 74 0.1512 
44.0870 22. 0435 18.2643 0. 5476 232.6096 0.1841 ^ t >  .2143 18 ,1071 30. , 5648 0 .6064 360. 5124 0.1512 
42.2500 21. 1250 15.4688 c. 5070 197.0060 0. 1 764 32 . 7097 16, 3548 23, ,4827 0 .4918 276. 9790 0.1366 
40.5600 20. 28C0 19.7553 c. 4462 251.5981 0. 1694 31 .6P/5 15 .8438 27. , 5628 0 .6695 325, , 3405 0. 1323 
40.5600 20. 28C0 20.8735 0. 7605 265.8395 0. ,1694 30 . 7273 15 . 3636 33. 9194 0 .5932 400, ,0809 0.1283 
36.2143 16. ,1071 21 .6190 c. 5273 275.3337 0. 1512 25 .3500 12, .6 750 19. 7553 0 .4867 233. ,0141 0.1058 
23.0455 11. 5227 15.2024 0. 3955 194.6325 0. 0962 24 .1429 12 .0714 23. ,8554 0 • 5070 281, 3755 0.1008 
23.0455 11. ,5227 16.9597 0. 5273 215.9946 c. 0962 19 .5000 9, .7500 29. ,0736 0 .7199 342, ,9265 0.0814 
8.4500 4, ,2250 13.0459 0. 5222 166.1497 0. 0353 7 .6418 3 .fl4C9 14. ,9096 c .4664 175. 8597 0.0321 
6.3115 4, 1557 14. 1642 0. 4259 180.3911 0. 0347 7 .3476 3. 6739 17. 7052 0 .6084 208. 6334 0.0307 
3 INCH CYL 3 INCH CYL 
67.6000 22, 5333 15.9036 0. 9836 135.0296 0, 2305 63 .3750 21, .1250 13. ,2530 c .6064 104. 2132 0.2161 
59.6471 19. 8024 11.2651 0. 5273 95.6460 0. 2033 56 . 33 33 18, 7778 14. , 7440 0 .7504 115. 9371 0.1921 
56.3333 Id. 7778 16.8976 0. 3416 143.4689 0. 1921 50 .7000 16. 90C0 17. 2269 0 .6084 135. 4771 0.1728 
53.36R4 17. 7895 17.2289 0. 7098 146.2820 0. 1619 46 .0909 15 .3636 16. 6976 0 .6490 132. 8710 0.1571 
42.2500 14. 08 33 13.9157 0. 7605 118.1509 0. 1440 42 .2500 14. ,0833 9« 9398 0 .6997 78. 1599 0.1440 
42.2500 14. 0833 14.0813 0. 7554 119.5574 0. 1440 39 .0000 13. ,0000 13. 6672 0 .5273 107. 4698 0.1330 
15.3636 5. 1212 7.9518 0. 5983 67.5148 0. 0524 29 .8735 9, .9412 16. 5663 0 .7301 130. 2665 0.1017 
15.3636 5. ,1212 6.6265 0. 6084 56.2623 0. 0524 9 .7500 3. 2500 12. 0105 0 .6692 94. 4432 0.0332 
8 .4500 2. ,8167 9. 9398 0 .6743 78. 1599 0.0200 
7 .8000 2. ,60C0 15, 7380 0 .8619 12). 7531 0.0264 
LUTGN SILTY CLAY 
CATION EXCHANGE CAPACITY « 41.30 MEO/IOO GRAMS 
PERCENT SANO • 5.5 
PERCENT SILT - 43.5 
PERCEN' CLAY • 51.0 
TEMPERATURE • 74. HEGREES FAHRENHEIT 
PRk'SSURE CAGE READING > 160. 
MOISTURE • ?0.0 PERCENT- 2 
DENSITY • 63.3 PUUNDS/CUBIC FOOT. | 
LUTON SILTY CLAY 
CATION EXCHANGE CAPACITY « 41.30 MEQ/100 CRAMS 
PERCENT SASn • 5.5 
PERCENT SILT - 43.5 
PERCENT CLAY • 51.0 
TEMPERATURE • 72. DEGREES FAHRENHEIT 
PRESSURE GAGE READING • 325. 
MOISTURE • 19.8 PERCENT- 2 
DENSITY • 69.5 PUUNDS/CUBIC FOOT- 2 
VtL. STR. •RATE SHEAR OISP. VFL. STR. RATE SHEAR OISP. 
IN/SEC IN/IN-SEC LRS/SU IN IN S/hD IN/SGC IN/IN-SEC L8S/SC IN IN S/UD v/ZCC 
2 INCH CYL 2 INCH CYL 
5X3644 26, .6842 12. 2V59 C .6794 166.9742 0. 2228 51 . 36R4 26. 6842 20. 1280 0.8771 250, ,2052 0.2228 
50.7000 2) .35C0 12, .4068 C .5577 170.5376 0. 2117 50 . 7000 2S, .3500 20. 3144 0.7909 252. 5219 0.2117 
48.2857 - 24 .1429 10. 5486 G .5526 144.0661 0. 2016 SO .7000 25 . 3500 18. 0779 0.7301 224. 7213 0.2117 
48.2857 24, 1429 13. 0459 0 .6845 178.1736 0. 2016 50 . 7000 25, .3500 19. 3825 0.7504 240. 9383 0.2117 
40.5600 20. 28C0 11. 1822 C .y831 152.7203 0. 1694 46 .0909 23. 0455 20. 8735 0.6895 259. 4721 0.1924 
40.5600 20, .28C0 9. 9695 C .4715 136.4301 0. ,1694 42, .2500 21. ,1250 21. 4326 0.7402 266. 4222 0.1764 
28.1667 14, .0833 10. C640 C .4614 137.4482 0, 1176 34 .0655 I 7, 4828 21. 2462 0.6084 264. 1055 0.1460 
28.1667 14, 0833 9. 6167 0 .4969 131.3394 0. 1176 34 .9655 I 7. 4828 18. 4507 0.4867 229. 3540 0.1460 
5.7614 2. B8C7 6. 0384 0 .5881 82.4690 0. 0241 25 .3500 12, .6750 15. 64IS 0.5171 196. 9208 0. 1056 
5.6333 2, .8167 6. 5975 C .4512 90.1050 0. ,0235 24 .7317 12. 1659 16. 58 70 C.4360 206. 1876 0.1033 
7 .'>672 3, .7636 14. 4624 0.5577 179. 7771 0.0316 ) INCH CYL 7 .4559 3. , 7279 14. 7233 0.5780 183. 0205 0.0311 
92.1818 30. 72 73 8. 4488 C .9329 76.9258 0. 3143 
94.5000 2b. 1667 9. 1115 G .9329 82.9592 0, ,2881 3 INCH CYL 
84.5000 2H, 1667 6. 9578 0 .8112 63.3506 0. ,2881 78 .0000 26. ,O0C0 17. 2289 0.8923 142. 7783 0.2659 
78.0000 26. ,0000 7. 0407 0 .6287 64.1040 0. 2659 63 . 3 750 21. ,1250 17. 8916 0.0366 148. 2698 0.2161 
72.4286 24. ,1429 8. 9458 0 .8112 61.4506 0. 2469 63 .3750 21. ,1250 12. 5904 0.6112 104. 3380 0.2161 
67.6000 22 .5333 8. 6145 C .7090 78.4341 0, ,2305 56 . 3 333 in. 7776 13. 5843 0.8467 112. 5752 0.1921 
50.7000 16.90C0 9. 2 7 7 1 0 .9126 84.4675 0, ,1726 42 .2S00 14, .0833 11. 9277 0.6490 98. 8465 0.1440 
46.0909 1*>. 3636 7. 0407 0 .6207 64.1048 0. 1571 42 .2S00 14, 0633 11. 9277 0.9126 90. 8465 0.1440 
42.2500 14. ,0833 0. 9458 0 .0315 01.4500 0.1440 1* .0833 ,6944 11. 2651 0.6439 93. 3550 0.0480 
14.9110 4. ,9706 7. 2063 0 .6794 65.6132 . 0, ,09Ce 13 .7027 ,5676 11. 2651 0*6004 9). 3590 0.0467 
14.4857 4. ,0206 7. 7033 0 .6380 70.1302 0, ,0494 
Fig. k-1. (Continued) 
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LUtllN Vin* ClAY 
CAtlUN I KL»'ANf)t CAPACIIV > 4|.)U «1^0/100 GHA*S 
r r K & F M !  i A M )  •  > . ? >  
»»r Mcr NÎ SI I r • A ».'• i'M^CrNI LLAY - M.o 
frM.>rMAtuRi - M. nri^nrfs TAHRLNHFII 
PHLSSURC GAiiC RCAUtNG - 6b. #1)1 sfuwF • pmrrNf- t 
i U ^ M T V  #  6 4 , %  > M I U N n S / C U n  I C  P U U l .  I  
l U T U S  S I L T Y  C L A Y  CAIIUN hXCHANr.t CAPACITY • 41.30 f£Q/100 CRAY'S Pr^CTNl SAM) • 
»'t»<CrNl SUT -PtltCCfil CLAY • r)l,0 
rEHPMATURC " 74. Dtr.REeS FAHRtNHEIT P^LSSURC CAr.E RtAOiNG • 100. HOIsruMC • ?V.7 PCKCFNf - t UC^MTY • 6?.J PUUNM/CUh IC fOOT .3 
Vf I. Mrt-HATr SMI A4 iN/stc iN/iN-icc ins/so IN nis)». IN V/\/ïïïï vu. SÎK-MAlC SMCAK IN/SEC IN/IN-StC IMS/SG IN O l S P .  I N  v / Z C i J  
2  INLti CVL ? INC»' CVL 
ftj , < 7yo U, tu. ,«(195 C , . 7 70 6 145. 2406 0, .2646 59, 64M 29, .H?J5 1) . 0459 0, 7096 167 .6929 0. .24< ; o  
6Î , wso %l .6«r5 \ I .  l U/2 c .  7909 150. 2491 0. 2646 SO. , Mii 2H .1667 n .04'>9 C. ,6794 lb7 .6929 0. 2)52 
.64 71 29 ,P215 ,H;76 c, .6490 1 *2. 7 , - n o  n, .24S0 SO, ,7CtJU . 15C0 15 .26/4 c .  5678 196 .4402 0. 2117 
56 .  n  u  2( 1 ,  .1667 10. , 54H6 c .  M5ie 141. 7149 0 .  23b2 50. , 7C00 2S . 15C0 1 ) .6051 0 .  56 78 I 74 .6797 0 .  2117 
4 M ,  . / H^7 24, . 1 4^9 ,6911 0. 7#om I »o. ? I S 9  0 ,  .2016 4 4 .  . u n 7 0  . 0 4  Î S  1 4  .  1 6 4 2  0 .  , 6 5 4 0  162 . 0 6 6 5  0 ,  .1841 
4 6  , 0 * 1 ( 1 9  2i. ,0455 . 1 V2 0 ,  .7909 122. 7 0 1 4  0 .  .  1 9 2 4  4 0 .  ,s(,no 20 .2100 I 1 .6051 c .  5 4 ^ 5  174 .8797 0 .  .  1 6 S 4  
) l  Ih, . P 4 i n  n .  >121 c. .709H III. 6 H M  0 .  .  1  3 / 1  11 , hM75 15 ,H4]6 1 0  . 9 9 ^ 9  0 ,  , 6 2 6 7  141 .1411 0 .  1321 
M  . b « 7 5  15. , M 4 1 H  m ,  0 .  7604 120. 1991 c .  112) 31 . , f.P75 15 , 6 4 3 6  10 , «095 0 .  , 6  7 4 3  I 18 .9455 0 .  132) 
1 0  . 1 4 1 ) 0  5, 0 7C0 s ,  .^911 t, . 6 0 ( 1 4  7 4 .  1 2 4 5  u, . 0 4 ; )  1 0 .  M72 5 .  1 9 1 6  7  .06/1 0 .  . 6 6 9 2  ^1 .0311 0 .  . 0 4 5 U  
10 .1400 5 ,  . 0 7 0 0  .3366 0 ,  .  7  7 5 7  8 5 .  1 4 1 1  0 .  . 0 4 ^ 5  10. ,5625 5  .281) 8 .01)9 0 .  , 5 6  76 10) .011) 0 .  0441 
) INC»' CYL Ï INCr CYL 
9 2  . i m i r n  iu. , 72 71 1 ,  .0748 m o .  I *20 0, .314) 1 0 1  .  13 .6ÛC0 12 .4247 c .  98 )6 106 .4717 0 .  .  3 4 5 7  
6 4 .  ,5000 2H, .1667 . 6 0 H 4  0 .  9917 66. 0666 0 .  2861 92. ,1018 3 0  . 7271 12 .921 7 0 .  ,96)3 110 .7 305 0 .  3143 
« 4 ,  . * * 0 0 0  ?n, .1667 .  1 Q 4 1  n ,  . 9 A 1 6  H2, ism 7 0 .  , 2 6 M  6 4 ,  . 5 r o o  2a .1667 12 ,5904 0 ,  .9734 107 .891 ) 0 ,  . 2 8 d l  
4 6 1  , 0 1 0 9  15 . 36 36 6. ,«750 0 .  7048 6  1  •  5H36 0.1571 7 8 .  ocoo 26 . o o c o  11 .9277 0 ,  .9633 102 • 2126 0 ,  . 2 6 5 9  
4 6  , 0 9 0 9  n .  ,  1 6 ) 6  7 ,  , J 720 c .  9937 0 ) 5 4  n .  1571 4 6 ,  . / m s 7  U  .0952 11 . 4)07 c .  6619 9 7  .9539 0 ,  .1646 
\ e  , T I T B  b .2 59 S  5 .  . 6 3 2 5  0 ,  . R O M  5 0 .  4 5 4 0  0 .  0640 4 6 .  . 0 9 0 9  1 5  .3616 n  . 4 ) 0 ?  0 ,  8568 9 7  ,95)9 0 ,  1571 
1 ( 1  , 1 0 7 1  t .  , 0 1 5 7  « ,  . 79H2 0 ,  .  7 M 5 9  51. 9160 0 ,  0617 16, , 9 0 0 r  5  .61)) 7 . 7861 c .  ,745) 66 •  7 2 2 2  0 .  0576 
16, ,  3 5 4 ( 3  5 • 4516 m  .26)1 0 ,  , 7 7 5 7  70 • 9811 0 ,  0556 
hUMrULK SANOV lUAH 
C A M U S  f* C H A N r,f CAPACITY  •  2 .67  NFU/LOO GRAMS 
PFLCFNI  SAM)  •  70 .?  
Pt' KCJ  NT SILT - I 7 .0  
PEKCrNI CLAY • 12.« 
irHPfHArUKf • 7M.  nrOKffS FAHRFNHCIT 
PrtlSSUHÇ GAr.l RtAOlNO • 200. HOisTUrtc • 4.6 PERCENT _ i 
UfcNSITY • 91,2 PUllSnS/tLRIC FOLT _ | 
LUTON SILTY CLAY CAriUN EXCHANGE CAPACITY - 41,30 MFQ/lOO GRANS PERCENT SAND • i.i PErtCfNT SUT • 41.5 PtKCCNT CLAY • 51,0 
TEMPERATURE " 74. DEGREES FAHRENHEIT 
PRLSSUHE GAGE HEADING • 160. 
MOISTURE • ?9.J PERCENT - j, 
DENSITY • 76.4 PUUNOS/CuaiC FOOT .3 
Vf I. STH-•HAir SHhAR n i s p .  VI L. STK--RAIÊ SHEAR UlSP. 
IN/SLL INHN-SCC imS/SL IN IN SVkU iN/StC IN/IN-SEC L6S/SL IN I N  S/MD 
2  INCH CYL 2 INCM CYL 
SO.7 0 0 0  2h. , )SC0 4 7 4  % c .4? 0 H  «J0 ,T795 0. 2117 Sh . ? R ,  i6« t  15.6415 0 .6695 179. 2140 0 ,  2)52 
48./PS7 24. ,14/1 , t<0H4 c  , 3194 44 . So J 6 0 ,  2016 53 , 3664 26 .6642 16.5870 c  .6490 187. ,64 76 c .  2226 
46.2flS7 24, ,14/9 6029  c  .S626 45 . 2S75  0 .  ,2016 SO .  7roo  25 .3500 11.9778 0 .6794 156. , 1 300 0. 2117 
4 6 . 0 9 0 9  2 ). ,0455 , ^629  r  , 1246 45 .2525 0. ,1924 44 .08 70 22 .04 35 16.2142 c  .5222 18*. ,4106 0 .  1841 
46.C9C9 • 23, .0455 , HH/9 0  . 3296 4S .2s;5 0, ,1924 4? . 2 s n o  21 ,1250 15.4666 0  .6490 174. ,9972 0 .  1 7f4 
44.CP 70 22, ,043S ,9202 0  .175? 45 .s<i79 0 .  1641 40 .S600 2u  .2HC0 14.9096 c  .4867 166. ,6720 0 .  1694 
10.7273 I S ,  1636 4  .  , 6064 0  .47^9 4 4  . S M 6  0. ,1261 ? K  . 1 667 14 .0833 11.7 9 1 4  0 . 5 9 6 )  ISb. 0216 0 .  1176 
26,«J 714 14, . 4 6 5 7  1, , 11 7 4  0  .  1 1 4 6  30 .  7 4 4 0  0 .  1210 2b .  3 S O O  12 .6750 13.6051 0  .441 1 153. . 9 112 0 .  1058 
10, 7672 . 3Q 16 2, ,*'701 c  .2211 26 . S S H 8  0 .  ,0450 .5660 . 76 30 9 . 6 9 1 1  0  .6287 109, 6)66 0 .  0 1 9 9  
10.5625 5, .2611 1. , 3 5 4  7  C .3)97 11 .0895 0 .  ,0441 .0536 4 ,  .5266 11,1622 0  .5881 126. . 5 0 4 0  . 0 .  0)76 
J  INCH CYL ) INCH CYL 
76,orco . oocn  s. , 6 4 7 9  u .2736 3 6  . I 30) 0 .  ,2659 H 4  .5U00 26, .1667 1 4 . 0 6 1 )  0  . 8 9 2 1  106. 2009 0 .  2 8 6 1  
76,ocoo 26, . ooco  f, , 4 S 4 6  c  . 4 2 0 8  4 6  . 0 5 6 5  c ,  2659 7 6  . cnoo  26 .OOCO 1 3 . 0 8 7 4  0  • 6185 9 6 ,  , 7 0 4 4  0 .  2 6 5 9  
6 7 . 6 0 0 0  22, . 4 1 3 3  , 7711 0 . 4 2 5 9  29 . 4  7 7 4  u .  2105 7; . 4 2 8 6  24 , | 4 ? 9  13.2530 0  .6115 9 9 .  , 9 5 1 8  0 .  2 4 6 9  
6).3750 21. . 1 2 5 0  5 .  3012 c . 3653 32 . 7 S 2 7  0 ,  .2161 72 . 4 7 6 6  2 4  ,1429 12.2590 0  • 9532 9 2 .  4572 0. 2 4 6 9  
4«,2C57 1 6  ,0952 4 .  ,6.166 c  . 2 2 1 1  2« . 6 5 6 6  0 ,  . V # v 4 # »  M  .  1 6 0 4  17 .  7 6 9 5  n .2651  c  ,8619 8 4 .  ,9607 0 ,  1 8 1 9  
4 6 . 0 9 0 9  1)  .  3 6 3 6  4 ,  .  9 6 9 9  0  .2211 3 0  • 705 7 0 .  ,1571 4 6  . 2 6 S 7  16 ,0952 12.2590 c  •  9 7 3 4  92, , 4 5 7 2  0. 1646 
9 . 5 6 A 0  1 ,  .1667 I. , 5 6 1  7  0  .  1 U 4  22 . 0 0 5 7  0 .  ,0)26 1 4  .4118 .9706 9.7741 c  . 5 2 2 2  7 3 .  7159 0 .  05C6 
9 . 0 5 1 6  1 ,  , 0 1  7 9  4 .  2244 c  • 2941 26 , 0 9 9 8  0.0109 1 4  .9116 .9706 9 , 1 1 1 5  0  , 5 4 2 5  6 8 ,  7162 0, 05CB 
Fig. 4l. (Continued) 
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NUKfOLK SâNOV lUAM NURFOLK SANO* LOAM 
CAlllIN mCHANOk LAPACirY • 2 .67 MfV/lOO CRANS CAriUN EXCHANGE CAPACITY • 2, .67 MEO/100 GRAMS 
PtKCIN! SAND • 70./ PCUCEM SASD • 70.2 
PfHCrNl MIT . 1 7.0 PERCENT sur > 17.0 
PCKCCNI CLAY - IV.m P^HCENT CLAY • 12.0 
irHi*rR*iuAl • 70. PV'.R^fcS FAHRENHFIT TEMPERATURE • 70. DEGREES FAHRENHEIT 
PKLiSUHl GAGL KLAOINO - 400. PRCS5URE GAGE READING • 600. 
wnisiu^t • 4, PfRCrNI - } MOI SlURE • 4.5 PERCENT - 1 
DENSITY • 9S.9 PUUNOS/CUUIC FOUI . 1 OENSfTY • 100.5 PUUNOS/CUBIC FOUI - 2 
VI I . STK- K A t r  SMI AA uisp. V» l. SÎ^-RAIE SHf *R DISP. 
y / V Z t  IN/SCC IN/IN'&IC in&/su IN IN S / W O  V/'/Cïï i N / s r c  IN/IN-StC L4S/SQ IN IN S/HU 
I N C H  c n  2 INCH CYL 
•>n. /ooo /t;. 15C0 10. 'J9*»9 o,s?v? 19.0308 0,2117 42.2Si)U 21.1250 V5.65SV 0.3853 1 )4.5T09 0.1764 
4U.b(,0U ; o , ; A c o  11. 1 6 0 6  C.?7)0 102.38/7 0. 16S4 4 2 . 2 S 0 0  21,1250 13.7914 0. 4  360 116.5506 0. 1 7 6 4  
w . u n o o  [ « J . ^ i O O O  '). R 7 7 6  r . / 8 3 9  r t « . 9 S 9 8  0. 1628 4 0 . S 6 0 0  20.28CO 13.2323 0 . 2 6 6 7  \  \  3 .  7 4 4 5  0.1694 
} H , Q O O O  1 ).SOOO J O .  8 0 ' b  0 .  3 0 4 < *  V7.3523 0.1628 3 6 . 2 1 4  )  18.1071 12.4068 C.:)97 107. 336) 0.1512 
it^, 77fn 8 ,  S  7  3 0  c.4r>7 77.2104 0 . 1 5 6 8  3 4 , * < 6 5 5  17.4828 1 4 .  1 6 4 2  C . 3 3 4 6  121.7546 0.l4t0 
1 11. 7 7 70 9 ,  b-fl 3 0.41S7 87,2813 0.1568 32.7097 1 6 . 3 5 4 8  1 4 . 1 6 4 2  0 .  1 8 2 5  1 2 1 . 7 5 4 6  0 . 1 3 6 6  
I f . 1 0 7 1  6. (-75 7 G .  114) S 4 . 7 I 8 7  0 . 1 5 1 2  2 4 . 7 3 1 7  12.3659 1 5 . 2 8 2 4  G.2 789 l 3 1 . 3 6 6 8  0.1033 
I I ,  1 4 J I  7. 4 b*R 0 .  Ï 4 9 M  67.1 1VS 0. 1 l 14 2 4 .  1 4 2 9  12,0714 14. 7233 0. 339 7 126.5607 0 .  l O C O  
M/V I / . 0 7 1 4  > 0 ,  4  3 h H  C, 3?4S 9 3 , 9 9 S 5  0 . 1 0 C 8  10.5625 5.2813 10.0640 0.2129 8 6 . 5 0 9 9  U.0441 
s.iru 4 , n * m 7  6 .  O.fSjï 61.4326 0.0341 10.5625 5.2813 11.1822 0.2100 96.1221 0.0441 
M.04fA 7, C 4 i r  0.2991 6 8 . 8 ( 8 0  0.0)36 
3 INCH CYL 
I N C H  C Y L  6 7.6000 22.5333 5.9639 0 . 4 7 6 6  3 4 . 1  76 7 0.2305 
t > ? . A O O O  4 6 6 9  0.2839 32.8230 0.23C5 63.3750 21.1250 7.9518 0,5678 45.5690 0.2161 
6 7 . 6 0 0 0  / / , s  *  3  ;  n .  *660 0 . S 6 7 8  SO.2303 0 . 2 3 0 5  63. 3750 21.1250 11.9277 0.4056 60.3535 0.2161 
%6, nn l u .  7 7  7 8  H .  6 1 4 S  0.36^0 51.722) 0. 1921 53.3684 17.7895 0.6145 0.2636 49.3664 0.1019 
1 4 , 6 9 5  7  7 .  4 S 4 8  0 . 1 5 4 9  4 4 . 7 5 9 7  0, 15C3 4 6.0909 15.3636 11.0994 0 . 6 4 3 9  63.6067 0.1571 
4 Z . ? S 0 U  14.0B)> m .  8630 0.2636 5 3 . 2 1 4 )  0. 1440 4 4.0670 14.6957 8.6145 0.3752 49.3664 0.15C3 
4 . t ) ? 0 6  6. 1780 0 . 3 3 4 0  3 8 . 2 9 4 4  0.0494 16.3548 5,4916 7.9518 C . 3 9 5 5  4 5 . 5 6 9 0  0. 0 5 5 0  
14.OA)) 4 . 6 9 4 4  f .  U>5 c.2) a )  42.7704 0.0400 15.8436 5.2813 0.7001 0.3003 50.3150 0.0540 
h U H f U L K  i A N U Y  L O A M  NURFOLK SANCY LOAM 
C A T I l I N  t K C I ' A N G f  C A P A C I T Y  •  ?  .67 MFg/100 GRAMS CATIUN EXCHANGE CAPACITY • 2 •67 MFQ/lOO GRAMS 
ppHCfHi SAsn • ro.? PERCENT SANO • 7 0 . 2  
P C K C r N i  s u r  «  '  1 7 , 0  PERCENT SUT • 1 7.0 
P C K C C N t  C L A Y  •  ' u.o P E R C E N T  CLAY • 12.8 
tClTRAFURr • f o ,  n r r . H E C S  FAHRCNHEIT  TEMPERATURE • 70. DEGREES FAHRENHEIT 
P R l l S S U r t C  GAC.C R I  A U  I N C  • l ï S .  P R E S S U R E  GAGE READING • 115. 
" n i s i u r t c  9  P T R c r N T  -  2 "  MOISTURE • 6.4 PERCENT _ 2 
UENSITY •  9 6 . 6  P U U N n S / C U O l C  F O O T  -  1  DENSITY • 94.3 PUUNOS/CUttIC FOUI - T 
v r i .  S T K - K â l C  S H I  A W  n i s p .  VCL. S r R-RATC SHEAR OISP. 
v / V C t  I N / S C C  IN / IN -STC LBS/iC IN IN s / w o  V/^ I N / S C C  IN/IN- S e c  L6S/SQ  IN IN S / W O  
INCH CYL 2 INCH CYL 
? f t . 6 « 4 ?  6 .  . 4 4 8 4  0 . S 2 7 3  57.7002 0.2228 53.36P4 2 6 . 6 8 4 2  7.2685 0,4462 6 6 . 6 1 n  0 . 2 2 2 8  
^ 6 . 6 R 4 ?  6 .  709 ï C . * > 4 2 S  6 0 . 0 3 4 9  0 . 2 2 2 8  5 3 .  3 6 8 4  26.6042 6.7093 0.4664 6 1 . 4 9 2 7  0.2228 
• > 3 .  f h . 6 A 4 f  m, . 9 4 « ï H  C.50 70 ( 1 0 . 0 4 6 5  0.2228 4 2 . 2 5 0 0  21.1250 7 . 4 5 4 8  0,5324 68. 3252 0 . l 7 6 4  
5 U . 7 0 0 0  fb.llGU t .   n i o  C . 3 9 0 4  6 9 ,  3  7 3 6  0.2117 4 0 . 5 6 0 0  2O.28C0 0 . G 1 3 9  0.54 76 7 3 . 4 4 9 6  0 . 1 6 9 4  
j 4 U 4 ; q  9 .  os 76 C . 4 « 4 U  8 1 . 0 4 7 1  0.2016 J9,C000 19.50C0 8, 1258 0.4715 7 4 . 4  7 4 5  0.1628 
4 4 . 0 % 7 0  7 ,  . 6 4 W  C . 4 0 0 S  68 . 3 7 iO 0.1841 3 7 . 5 5 5 6  16.7778 6,8212 0.4056 62.5U5 0. 1568 
7  .  9  1 9 4  c ,  3 7 S 2  7 1 . 0 4 1 )  0 , 1 7 6 4  1 7 . 5 5 S 6  10.7778 7 , 9 3 9 4  0.4916 72.7663 0.1568 
j j .  7 0 ' f  7  1 6 . 1 5 4 ^  .  f  7 7 5  0 . S 9 3 2  5 1 . 6 9 6 7  0 , 1 3 6 6  2 5 . 3 5 0 0  12,6750 6 , 2 6 2 1  0.4259 57.3932 0.1058 
11.6*7^ IS. R 4  M t .  0 . 4 8 6 7  6 7 . 7 0 6 0  0.1323 2 4 . 7 3 1 7  12.3659 6 , 4 4 8 4  0.4208 59.1013 0.1033 
3 ^ 6 9 7 %  l b . 8 4 3 m  7, . 6 4 1 3  0.S4JS 68.3730 0.1323 1 0 , 1 4 0 0  5,0700 5.3302 0.3701 40.8525 0-0423 
4.941 ? 4 . 9 7 0 6  4 ,  .7711 C .  7 0 9 8  42.6M15 0.0415 9 . 0 5 ^ 6  4.5260 4.4729 C.3549 40.9951 0.03 78 
y . 4 4 l 2  4,9706 î » ,  . ^ 1 8 4  0.4206 4 6 . 6 9 3 0  0.0415 
3 INCH CYL 
5.8810' INCH CYL 7 8 . 0 0 0 0  26.0000 0.4512 35.9340 - 0 . 2 6 4 9  
r r t.onoo 2 6 . 0 0 L O  h  .  1  / e n  C . S 3 7 4  3 8 . 0 4 6 8  0 . 2 6 5 9  7 8 . 0 0 0 0  26.00C0 6.2952 0 . 4 9 6 9  3 8  . 4 6 4 5  0.2659 
7 M . U 0 U U  26.00C0 7  .  7 8 0 l  C.S425 4 6 . 4 4 6  f  0.2659 67.6000 22.5333 4 . 9 6 9 9  C.4259 30.3666 0.2305 
7 « * . Q n i J 0  ? 6 , 0 0 C 0  T  .0«,0 7 C , 6 8 4 S  4 1 . 9 9 9 7  0.2659 6 3 . 3 7 5 0  21.1250 5.3012 0. 8 112 32.3912 o. 2 i e l  
67.6000 ) 7 . 0 4 0 7  C.S0 7Û 41.9997 0.2305 48,2857 16.0952 5.3012 0 . 6 4 9 0  32.3912 0. 16*6 
5),*6« 4  W . 7 « « * S  6  C . 6 7 9 4  3 1 . 5 5 2 7  0.1819 4 8 . 2 8 5 7  16.095? 6.2952 0.5678 3 0 . 4 6 4 5  0 . 1 6 4 6  
T , n . / C O O  i 6 , 9 o c a  6  ,  4 6 0 8  C . 5 6 7 8  30.5409 0.1726 16.0952 5.3651 4 . 9 6 9 9  0.5070 30.3660 0 . 0 5 4 9  
I 7 . 4 M / M  ^ . 8 ?  7 6  . 4 f J 9  C . 4 M 2  26.6822 0.0596 15.6438 5.2913 5 . 9 6 3 9  0.6207 36.4401 0 . 0 5 4 0  
lù.ynoo S . 6 ) 3 1  1  . 9 6 3 9  0.4206 35.5762 0.0576 
Fig. ^ 1. (Continued) 
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NURFGLK SANDY lUAM 
CAIlUN EXCH A NOt CAPACITY • 2,bt #FU/IOO GRAMS 
HCMCCNÎ SAM) - yo./ 
ppKCFNi SUT • :f.n 
PCHCCNÎ CLAY » U.o 
f f M P C R A r u n r  • 70. nef. R f c s  famrcnhfit 
PRTbSUKC GAGC HEAOING " JOO. 
MOMFUWF.  .  6.4  MTNCTNL  .  3 
U C N S i r v  >1C1.1 PUUSUS/CUBIC F o c r  .  2
KCRFCLK SANCY LlAP 
CATICK (XChAKCt CAPACITY - 2.67 fCt/IOO CRAIES 
PCHCCNT SAAH • 7C.2 
PERCENT SILT • 17.C 
PCHCFM CV.AY • 12.6 
TEMPFR4TLRC • 72. CECRCES FAHRfhhflT 
PRkSSLKE C.àQt RIAOING - 40C. 
MOISTLRC • e.J PCRCCNT-2 
CEKSIIY *107.0 PLLkCS/CLBIC FCCT-3 
Vll. STR -RATE SMtAR 
IN/SLC IN/IN-SEC LOS/SQ IN 
2 INCH CYl 
^U.7C00 ,1500 U ,5550 
SO.70UO .35C0 12 .67)2 
46.0901 73, .045'» .9458 
44.U8fO 22. 043^ 10 >4)68 
42.2*»00 21. IPbO U .5550 
40.Sf,00 20, .2800 U .9277 
}?, rnv7 lb. ,3548 8 . 7594 
H.6875 1». 8438 10, 4368 
10.1400 », .0700 6. 8957 
9.9412 4, ,9706 6 , 7093 
3 INCH CYl 
92,lMlm 30, 72n 9, ,2771 
78.0000 26.00CO 9 ,442U 
72.47H6 24. 1429 t  . 7861 
6 3 . 3  r s o  21. ,1250 6, 4608 
4m./M^7 16, 0952 8, .6145 
48.2fl%7 16, 0952 8 .1175 
16.9000 ,6))) 7 . 7861 
1 6 . 3 1 4 8  » .4516 6 .2831 
OlSP. 
IN S/MU V//CC 
0  . 4 0 0 5  9 8  .  7 1 ) 0  0. 2 1 1 7  
0 . 4 4 6 2  1 0 8 .  2 6 5 9  0 .  2 1 1 7  
0  . 5 ) 7 4  7 f t .  4 2  3 0  0. 1 9 2 4  
0  . 3803 09. 1 6 0 1  0 .  1841 
c  .5019 98. 7  n o  0 .  1 764 
0  • 4360 1 0 1 .  8973 0 .  1694 
0 .5 780 74. 0 .  1366 
0 .5273 89. 1 6 0 1  0 .  132) 
0  . )70l 58. 9094 0 .  0423 
0  .3397 57. 3172 0 .  0415 
0  . 7859 52. 8 )56 0 .  314) 
0  .6540 53^ 7791 0 .  2659 
0  .8112 44. 3442 0 .  2469 
0  • 50/0 36. 7963 0 .  2 1 6 1  
0 «6300 49. 0617 0 .  1646 
c  • 5628 46. 2312 0. 1646 
0  .6692 44. 3442 0 .  0576 
0  .6642 47. 1747 0 .  055# 
VfL. STM-RAIE SMEAR 
IN/SFC IN/IN-SEC L6S/SC IN 
INCV" CYL 
46. . c < ; c 9  23 ,C4«5 15. 2824 
46. .c«:C9 23 .0455 17. 5108 
44, ,CP?C 22 .0435 15. 6551 
42. V5C0 21 . 12ÎC 17. 5188 
4C, .5tC0 2C . 2 e c c  14,  1642 
37. ii56 10 . 7778 14.1642 
7 r t ,  .1(67 14 •  c e ? 3  14, .SC96 
24, .7317 12 .36Î9 16. 2142 
9, .05)6 4 • 52(8 11. 7413 
9, ,0536 4 .52(8 12, U41 
INCH CYL 
56, , 2 1 ) 3  18 . 77 78 14 ,5783 
5), 3664 17 .7855 14, .4127 
46 .0909 15 • 3626 15 .0753 
42 .25CO 14 .0833 16 .5663 
39 .CCCO 13 • OCCO 14 .C013 
36 • 2143 12 .0714 15 • 7380 
13 .3421 4 .4414 IC .eC24 
12 .C714 4 • 0238 12 • 7560 
CISP. 
IN S/hD V/vTT 
0 .  3 8 5  3  1 2 3  •  4 4 1 9  0  . 1 ( 2 4  
C. 4 4 6 2  1 4 1  . 5 0 6 9  0  .  i < ; ; 4  
C. 4 7 1 5  1 2 6  . 4 5 4 8  0  . 1 ( 4 1  
0 .  4 0 5 6  1 4 1  . 5 0 0 9  0  . 1 7 ( 4  
c .  4 9 1 8  1 1 4  . 4 1 1 5  c  . 1 6 5 4  
C. 5 2 7 3  1 1 4  . 4 1 1 5  0  . 1 5 ( 8  
0 .  4766 1 2 0  .4)31 0  .1176 
0 .  3448 1 ) 0  .9710 0  .1033 
0 .  3549 94 .8411 0  .0)78 
c .  3853 97 • 8519 0 . 0 3 7 8  
c .  5476 70 .5046 0  .1921 
C. 5983 77 .6125 0  .1019 
C. 5577 61 . 1 0 0 8  c  • 1571 
0 .  5273 89 .2097 0  .1440 
c .  4462 75 .8203 0  . 1 3 3 0  
C. 4056 84 .7492 c  .1235 
0. 5273 57 .0942 0  .0455 
c .  4614 68 . 6 9 1 5  0  .0412 
NOHFOLK SANDY LOAM 
CATIUN EXCHANGt CAPACTTY • 2.67 MCtt/lOO GRAMS 
PERCCNT SAND • r0.2 
PCRCCNI SUT • W.O 
PCKCCNT CLAY • 12.B 
TFXPf-RATURE • 6fl. (lEGREES FAHRENHEIT 
PRLSSUAL GAGl RCAUING • 
MOISrUHC • 8.Î PCRCFNT - J 
OCNSITY " 92.A PUUNnS/CUBIC FOOT . 1 
NORFOLK SANOY LOAM 
CATION EXCHANGE CAPACITY • 2.67 MtQ/VOO GRAMS 
PERCENT SAND • 70.2 
PERCENT SILT • 17.0 
PERCENT CLAY • 12.8 
TEMPERATURE • 68. DEGREES FAHRENHEIT 
PRESSURE GAGE READING - )). 
MOISTURE • 8.4 PERCENT - 3 
DENSITY • 99.5 POUNDS/CUAIC FOOT . 2 
VCL. STK-RATE SMf AR DISP. VFL. STR--RATE SHEAR DISP. 
IN/SEC .IN/IN-SEC L8S/SU IN IN S/WD v/^/CTT IN/SEC IN/IN-SEC LBS/SQ IN IN S/MD v/\/cr 
2 INCH CYL 2 INCH CYL 
63,3750 31 . 6875 2 . 75rt ) C . 7 706 25. 7928 0. 2646 63, ,3750 31. ,6875 4.5847 0.6380 39.8223 0.2646 
59.b4f1 29. ,82 )5 ? ,60'>2 C .5678 24. 3986 0, 2490 59 .6471 29. 6235 5.1438 0.5678 44.6787 0.2490 
50.7nno 25. , 3scn 2 .0501 0 .6004 19. 1703 0 ,2117 56 .3)33 20, ,1667 5.5911 0.6185 48.56)8 0.2352 
48.2H57 24, 1429 3, 42 *2 c .6895 32. 0667 0 ,  2016 53 ,3684 26. ,6842 4.6456 0.5476 42.0086 0.2228 
44.0P7n 2;. 04)5 3 .20S6 0 . 7402 29. 9 754 0 ,  1841 50,  7000 25. 3500 5.3302 0.7504 46.2975 0.2117 
44.Ofl 70 22. 04)5 2. 0128 0 .3194 18. 8217 0 .  1841 50, .7000 25. ,3500 4.5047 0.7808 39.0223 0.2117 
34.9655 17, 4*2% 2 . 79b6 0 .ft?«7 26. 1413 0 ,  1460 40, ,5600 20, ,2ftC0 4.7711 0.7098 41.4411 0.1694 
28.1667 14. 0833 ) .0192 0  .5374 28. 2326 0. 1176 33, 0000 16. ,9000 4.2120 0.7301 36.5847 0.1411 
q.SAAO 4. 78 30 1 ,7mi2 c .2020 16. 7)04 0, ,0399 10, .7872 5. ,39)6 3.7274 0.4614 •>2.3758 0.0450 
9,5660 4. 7830 1 . 7519 0 .5729 16. 3019 0, ,0399 10. 5625 5. 2813 4.2869 0.4817 37.2322 0.0441 
3 INCH CYL 3 INCH CYL 
72,4216 24. 1429 ) .694 ) 0  .4867 23. 0)02 0. ,2469 78. , 0 0 0 0  26. 0000 4.1416 0^5273 23.9821 0.2659 
67.600'> 22. 533 1 ) .  ,5206 0  .4411 21. 9974 0 ,  .2305 72. ,4286 24. 1429 4.4 729 0.4200 25.9007 0.2469 
67,6000 22. 53)3 3. ,561 7 0 ,5070 22. 2040 0 ,  2305 63. ,3750 21. 1250 4.3901 0.4157 25.4210 0.2161 
59.6471 19. 8824 3, .6446 0 .4200 22. 7203 0 .  ,2033 59, ,6471 19. 8824 4. 1416 0.3803 23.9821 0.2033 
46.0909 15. 36)6 ) ,  .1476 0  . 3245 19. 6221 0 ,  1571 48, ,2857 16. 0952 3.7274 0.3346 21.5839 0.1646 
44.0870 14. 6957 ) ,  0648 0 .2738 19. 1057 0, .1903 48, ,2857 16. 0992 4.0587 0.3346 23.9029 0.1646 
16.9000 5. 63)3 ? ,  .)690 0 ,  .0811 14. 7682 0, .0576 18, .7 778 6. 2993 3.3133 0.4912 19.1897 0.0640 
16,9000 5. 6333 2. ,4049 0 .0963 19. 4911 0, ,097è 18.1071 6 . 0397 3.9617 0.6699 20.6246 0.0617 
Fig. 4-1. (Continued) 
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NORPULK SANDY IC&M 
CAI KJN EXCHANGE CAPACITY - 2.6T MEQ/IGO CRAMS 
PEKCfNI SAKn - 70.? 
PEKCfNT SILT - 17,0 
PEKCENT CLAY - 12.8 
rEMPCRATURC • 67. Off.RCfS FAHRENHEIT 
PKESSURE CAGE HEADING > 200. 
MUISTUHE • rt.l PERCENT- 3 
DENSITY "ICn.Z PUUKDS/COHIC FOCI . 3 
NÛRfClK SANDY LCAM 
CAMON CXCHANGC CAPACITY . 2.67 ^FL/lOO CRANS 
•'EKCENI SANO - 70.? 
PERCENT SILT • W.O 
k'FA&ENT CLAY • 12. 
IEM;»C«*TUKf • 6fl. rCCAEES FAHRENHEM 
f'HESSUKE CAGE heading • 50. 
M O lSTUHt • IC.S PCRCENT - I 
density •JCO.» PIJUNOS/CUOIC rCCT - 2 
VfL. STX-RATE SHEAR DISP. VI I . STK -RATE SHEAH DISP. 
IN/SCC IN/IN-SEC LBS/SO IN IN S/HD v/vTHT IN/SCC IN/IN-SEC LMS/SC IN IN S/WD v/v/TT 
2 INCH CYL 2 INCH CYL 
bO.rnoo ?b.î5C0 9 .2440 0  .4512 73, .8070 0 .2117 63.j7S0 31, .6075 3.C565 0.6845 26.3279 0  .2646 
4e./61,7 24.1429 9, .1322 c  .4462 72. 9141 0 .2016 •>9.64 n .8235 3.0938 C.5628 26.6489 0 .2490 
4W.;U37 24.1429 9 .2440 c  .5070 73. 8070 « .2016 56.J 3) 1 28. 1667 2.8328 0.6490 24.4014 0 .2352 
48.2HÎ»? 24. 1429 8 .8712 0 .5070 70. 8309 0, .2016 53.1604 26. 6842 3.2001 0.5070 28.2543 0, .2228 
40.56UO 2O.28C0 9 ,  . 87 76 C .4664 78. •866 3 0, .1694 4fl.2H57 24. 1429 3.C938 0.6287 26.6489 0 ,2016 
AO.5600 20.2800 9. 8776 0  .5476 78. ,8663 0 .  1694 46.0909 23. 0455 2.9447 C.6997 25-3647 0 ,  .1924 
30.7273 lb.3636 n. 57)0 c  .5273 6m. 4500 0 .  1263 36.2143 M. ,1071 2.8701 0.6845 24.7225 0, .1512 
28.1067 14.0833 9. 5049 0  .4462 75, ,8902 0 .  1176 31.6875 15.8438 3.0192 0.4360 26.0068 0 .  1323 
10.•>625 >.2813 7. ,9394 0 ,  .5273 63. ,1907 0 .  0441 10.3469 1 735 2.0874 0.4614 17.9800 0 .  04)2 
10.SA2S S.2813 7. ,2685 c ,  .3600 58. 0337 0 .  0441 9. 7*>00 *• ,8 750 2.1619 0.3493 18.6222 0. 0407 
3 INCH CYL 3 INCH CYL 
78.0000 26#00C0 1 0 .  ,1883 0 .6692 54, 2309 0 ,  2659 84.5000 28. ,1667 3.3133 0.5729 19.0265 0 .  2081 
78.6000 26.Û0C0 8« .6973 0 ,  > 7098 46. 2947 0 ,  2659 84.5000 2rf. 1667 3.5286 0.5932 20.2632 0 .  2881 
67.6000 22.5333 8. 283» C .8720 44. 0902 0 ,  2305 72.4286 24. 1429 2.6 506 0.3752 15.2212 0« 2469 
67.6000 22.5333 8. 0346 0 ,  .6895 42. 7675 0 .  2305 72.42H6 24. 1429 2.9488 0.4969 16.9336 0. 2469 
4fl.2ftS7 16.0952 7. 3720 0 .  6895 39. 2403 0 .  1646 50.7000 16. 90C0 2.9819 0.2941 17.1236 0 .  1728 
48.21^7 16.0952 6. 9578 0 .  7098 37. 0356 0 .  1646 50.7000 16. 90C0 2.7003 0.28)9 15.5066 0. 1726 
16«3')4R t».45l6 6. 2952 0  .6794 33. 5065 0 .  0558 18.7776 25S3 2.3W3 C.1166 13.3165 0 .  ,0640 
IS.6438 5.2813 7. 0407 0 .  >6895 17. 4767 n. 0540 18.1071 0357 2.5678 0.1369 14.7455 0. ,0617 
NORFOLK SANDY LCAM 
CAT[UN EXCHANGE CAPACITY • 2.67 MEW/100 CRAMS 
PErtCLNl SANO • 70.2 
PCKCENT SILT • W.O 
PCKCENT CLAY • 12.8 
T f M M C R A T U R t  •  6 d .  r . E G K E E S  F A H R E N H E I T  
PRESSUHE CAGE READING * 80. 
MOISTURE • 10.2 PERCENT- 4 
DENSITY -106.1 POUNDS/CUBIC FOCT - 3 
NURFÛLK SANDY LCAM 
CATlUN EXCHANGE CAPACITY - 2.67 MEO/lOO CRAMS 
PERCENT SAND • 70.2 
PEKCCNI SILT - 17.0 
PEKCFNT CLAY • 12.fl 
TEMPERATURE " 60. DECREES FAHRENHEIT 
PRESSURE CAGE READING • 200. 
MOISTURE • 10.4 PERCENT- t 
DENSITY PUUNOS/CUBIC FOOT - A 
VEL. STK--RATE S H E A H  DISP. VI L. STK-RATE S H E A R  DISP. 
IN/SCC IN/IN-SEC LBS/SC IN 'N S/WD v/ / c r  IN/SEC IN/IN-SEC LRS/SQ IN IN S/HD V/VTTD 
2 INCH CYL 2 INCH CYL 
O7.6C00 33. , «0C0 5. 0320 0 .5628 40 .9650 0.2623 59.6471 29.8235 9.3185 0.5273 70.3439 0, .2490 
hi. 3 r'30 31. ,6875 5. 33J2 0 .5881 43 .3925 0.2646 5«>,h4 7l 2'».8235 7.0276 0.5526 59.0889 0, .2490 
56 . 3 3 3 3 2d. 1667 5 . C320 0 .583 1 40 .9650 0.2352 50.7C0D 25.35C0 8.7594 0.4614 66.1233 0, 2117 
56.33)3 28. 1667 4. 6456 0 .6946 39 .4477 0.2352 40.2857 24.1429 8.5730 0.4157 64.7164 . 0 .2016 
4B.^R57 24. 1429 4. 8456 C .5628 39 .4477 0.2016 46.U'J09 23.0455 7.4548 0.5070 56.2751 0, .1924 
48.2A57 24. , 1429 5. 1438 0 .6033 41 .8 753 0.2016 44.U P  T O  22.0435 8.9458 0.3245 67.5301 0, .1841 
)3.HOOO 16. 9OC0 4. 1002 0 .6287 33 . 3789 0.1411 3l.ftH75 15.8438 7.4548 0.5171 56.2751 0, .1323 
33.9000 16. ,90C0 5. 3302 0 .588 1 43 .3925 C.1411 29.8235 14.9118 8.9458 0.47 66 67.5301 0 ,1245 
10. )4h9 5. 1735 3. 1683 0 .5273 25 .7978 0.043? 6.'1452 3.4726 5.4047 0.3498 40.7995 0, .0290 
10.3 4 6 9  5 ,  1735 3. 3547 0 .3650 27 .3100 0.0432 6.8054 3.4027 5.59U 0.3245 42.2063 0, .0264 
3 INCf- CYL 3 INCH CYL 
04.5roo ? H .  ,1667 2 2 4 4  0  .5933 22 .9260 0.28Q1 7 8 . U C C 0  26.00C0 7.2892 0.5070 36.6830 0  .2659 
7 8 . 0 0 0 0  26. , O O C O  4  ,5557 0 .4259 24 .7251 0.2659 72.4286 2 4 .  1 4 2 9  7.1235 0.5070 35.8493 0  .2469 
7 2 . 4 7 8 6  2 4 ,  .1429 1 4 1 6  0 .4867 22 . 4  773 0.7469 7 2 . 4 2 8 6  24. 1429 5.9639 0.4715 30.0134 0 ,2469 
7 2 . 4 2 0 6  24. , 1429 3. d.J2 0  .4D56 20 .6792 0.24C9 6 7 . 6 0 0 0  22.5333 6.0467 0 . 4 4 1 1  30.4302 0 .2305 
5 3 . 3 6 8 4  I 7 .  , 7895 4 .  0587 0 .2839 22 .0276 0.1819 56.3333 18.7778 7.1235 0.3955 35.8493 0 .1921 
50.7000 16. ,9000 3. 8102 C .2639 20 .6792 0.1728 48.2857 16.0952 6.1295 0 . 2 4 3 4  30.8471 0 , 1646 
18.1071 6 .  0357 3. 5617 0 .4512 19 .3305 0.0617 17.4R28 5.8276 6.2952 0.6692 31.6806 0 .0596 
17.4828 5 .6276 2. 8163 0 .2129 15 .2846 0.0596 1 7.4828 5.6276 5.4669 0.7352 27.5123 0 • 0996 
Fig. 4l. (Continued) 
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Fig. 4-2. Experimental data for the initial yield point 
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IL4 SILT LOAM 
CATION FXCHANGC CAPACITY • 17.00 KEC/ICO GdAMS 
PfRCPNT SAND . If.A 
P K H C r N T  S I L T  -  6 5 . T  
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lUA SILT LCAN 
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9 . 5 A A 0  4  . 7 f l 3 0  5 .  C 3 j n  c  . 0 3 5 5  5 2 .  l O C l  c .  C 3 9 9  9 . C 5 3 6  4 .  . 5 2 6 8  8 . 5 7 > 0  C  . 0 3 5 5  8 0 .  7 1 2 0  0 .  0 3 7 8  
8 . 0 4 7 6  4 . U 2 3 Ô  I C . C 6 4 0  C  . 0 3 0 4  4 4 .  7 4 8 9  0 .  0 3 3 6  
3  I N C H  C Y L  
3 1 . 6 P 7 5  t o .  . 5 6 2 5  6 .  2 1 2 4  c  . 0 8 1 1  4 2 .  8 M 0 7  c .  I C P O  3  I N C H  C Y L  
2 9 . 8 2 3 5  9  . 9 4 1 2  5 .  6 3 2 5  c  . 0 5 0 7  3 8 .  8 7 R 5  c .  1 C 1 7  3 2 . 7 C 9 ; '  1 0 .  . 9 0 ) 2  9 . 6 0 8 4  c  . 0 9 1 3  6 0 .  1 0 6 6  0 .  1 1 1 5  
2 A . S 7 M  S  . 0 5 7 1  6 .  7 9 2 2  c  . 0 7 b  1  4 6  «  P R 2 9  c .  o s e *  3 1  . 6 P 7 5  1 0 .  . 5 6 2 5  I C . 5 1 9 6  C  . 0 6 0 8  6 6 ,  0 2 5 3  0 .  I C f i O  
2 8 . 1 6 6 7  9  . 3 0 6 0  6 .  2 9 5 2  c  . 0 7 1 0  4 3 .  4 5 2 5  0 .  C 9 ( 0  3 1 . 6 8 7 5  1 0 .  . 5 6 2 5  9 . 9 1 9 8  C  . 0 6 5 9  6 2 .  3 8 6 1  0 .  i c t o  
2 8 . 1 6 6 7  9 ,  . 3 8 ( 9  4 .  9 6 9 9  c  . 0 6 C t i  3 4 .  3 0 4 6  c .  C 9 t O  2 9 . 8 2 3 5  9 .  . 9 4 1 2  1 1 . 2 6 5 1  C  . 0 6 0 8  7 0 .  7 0 4 3  0 .  1 C 1 7  
2 6 . 6 0 4 2  8 .  , 8 9 4 7  6 .  7 9 2 2  c  . 0 4 C 6  4 6  .  8 8 2 9  c .  Q 9 i n  2 0 . 9 7 1 4  9 .  . 6 5 7 1  R . t l 4 5  C  . 0 8 6 2  5 4 .  0 6 8 0  0 .  0 9 f 8  
2 6 . 6 P 4 2  P  . P 9 4 7  5 .  9 6 3 9  c  . 0 7 6 1  4 1 .  1 6 5 5  c .  C 9 1 0  2 8 . 1 6 6 7  9 .  . 3 * 8 9  9 . 9 3 9 8  C  . 0 6 0 8  6 2 .  3 0 6 1  u .  0 9 6 0  
2 6 . C C C 0  m  . 6 6 6 7  6 .  C 4 6 7  c  . 0 7 6 1  4 1 .  7 3 7 2  0 .  0 8 P 6  1 5 . 6 4 3 8  5 .  . 2 8 1 3  7 . 9 5 1 8  c  . 0 2 0 3  4 9 .  9 0 6 9  0 .  0 5 4 0  
1 5 . ^ 4 3 6  5  . 2 P 1 3  4 .  6 3 8 6  c  . 0 6 0 8  3 2 .  0 1  7 6  0 .  € 5 4 0  1 4 . 0 6 3 3  4 . 6 9 4 4  7 . 2 8 9 2  c  . 0 2 5 4  4 9 .  7 4 9 6  0 «  , 0 4 f 0  
1 5 . @ 4 3 0  5  . 2 8 1 3  4 ,  9 6 9 9  c  . 0 4 C 6  3 4 .  3 0 4 6  c .  0 5 4 0  
LOA S ILT  LOAM 
CAT ION EXCHANGE CAPACITY  - 17.CO KEC/ ICO CKAKS 
PEKCGNT SA*D » 17.6 
PFKCFST SILT - 65.7 
PCKCRN*  CLAY .  16 .7  
TL* 'PE ' .ATURC •  64 .  OFGREES FAHRENHFIT  
PRES ' -ORB GAGE READING •  U5 .  
KUISTLRE •  18 .7  PERCFNT-  2  
DCNSITY  -  (2 .2  PCUNCS/CBBIC  FCCT- I *  
IDA SILT LCAM 
CATUIN rxCHANGF CAPACITY > 17.00 KEO/ICO GRAMS 
PEACEST SANn • 17.h 
PERCENT S:lT • 65.7 
PFRCCNT CLAY - 16.7 
TFKPFRATLRF - £?. CEGREES FAHRENhCIT 
PRCSSURE GAGE READING • 85. 
KUISTLRE • ?C.l PEPCFNT-3 
DENSITY • 73.7 PCUNOS/CLHIC FCCT-T 
V E L .  S I R .  - R A I C  S H E A «  C I S P .  V f c U .  S T R -- R A T E  S H E A R  C I S P .  
I N / S E C  n / I N - S F C  L b S / S t  I N  I S  S / k O  v / y c o  I N / S C C  I N / I N - S E C  L R S / S t  I N  I N  S / k C  
2  I N C H  C Y L  ?  I N C H  C Y L  
i s . e c c o  1 6  . 9 C C C  , 8 4 5 6  c  . 0 7 1 0  5 0 .  0 ) 2 5  0 ,  . 1 4 1 1  3 2  , 7 C 9 7  1 6 .  . 3 5 4 8  4 .  1 0 0 2  c  . 0 8 6 2  4 5  . 0  3 5 0  c  . 1 3 6 6  
2 9 . 8 2 1 5  1 4  . 1 1 1 8  4 . 8 4 5 6  c  . 0 6 0 0  5 0 .  3 ) 2 5  0 ,  , 1 2 4 5  3 1  . t P 7 5  1 5 ,  . 8 4 3 8  4 .  I C 0 2  c  . 0 6 0 8  4 5  , 0 3 5 0  0  . 1 3 2 3  
2 8 . 9 7 1 4  1 4  . 4 8 5 7  6 .  , 1 5 0 2  c  . 0 8 6 2  6 4  «  6 4 5 1  0  . 1 2 1 0  3 0  ,  7 2  7  )  1 5  .  3 6 3 6  2 .  7 9 5 6  c  . 0 6 0 8  1 0  . 7 0 5 7  Ù .  1 2 6 3  
2 8 .  1 6 6 7  1 4  . 0 P 3 Î  7 .  , 2 6 8 5  c  . 0 8  1  1  7 6 .  , 3 ' ' H 8  ,  I  1  7 6  2 9  , 8 2 1 5  1 4  . 9 1 1 8  3 .  3 5 4 7  c  . 0 6 0 8  ) 6  . 8 4 6 8  0 ,  . 1 2 4 5  
2 8 . 1 6 6 7  1 4  , 0 8 3 )  5 .  , 4 0 4 7  c  . 0 6 5 9  5 f t .  9 0 9 4  0 ,  .  1  1 7 6  2 8  . S 7 1 4  1 4  . 4 8 5 7  3 .  7 2  7 4  c  . 0 7 6 1  4 0  . 9 4 0 9  0  . 1 2 1 0  
2 8 .  1 6 6 7  1 4  . 0 8 3  1  4  .  . 9 5 7 5  c  . 0 4 0 8  5 2 .  1 0 7 9  0 .  , 1 1 7 6  2 H  . 1 6 6 7  1 4  . 0 8  3 3  2 .  9 8 1 9  c  . 0 6 0 8  3 2  .  7 5 2 7  0  . 1 1 7 6  
2 3 . C 4 5 5  1 1  . 5 2 2 7  3 .  , 7 2 7 4  c  . 0 5 C 7  1 9 .  1  7 6 9  0  . 0 9 6 2  2 5  . 3 5 0 0  1 2  , 6 7 5 0  3 .  1 6 8 3  c  . 0 5 0 7  3 4  . 7 9 9 8  G  , 1 0 5 8  
2 3 . C 4 5 5  1 1 ,  . 5 2 2 7  6 ,  , 7 0 9 3  c  . 1 0 1 4  7 0 .  5 2 2 0  c  . 0 9 6 2  2 5  . 3 5 0 0  I ?  . 6 7 5 0  3 .  1 6 8 3  0  . 0 6 0 8  3 4  .  7 9 9 8  0 ,  . 1 0 5 8  
2 3 . C 4 5 5  1 1  . 5 2 2 7  5 ,  . 9 6 ) 9  c  . 1 2 1 7  6 2 .  , 6 8 6 2  0  . 0 9 6 2  2 4  . 1 4 2 9  U  . 0 7 1 4  4 .  2 8 6 5  c  . 0 6 5 9  4 7  . 0 8 2 0  C  . I C C O  
1 4 . 0 8 ) 3  r  . 0 4 1 7  3 .  , 1 5 4 7  c  . 0 3 5 5  1 5 .  2 6 1 0  I )  . Û 5 F 8  2 2  . 0 4 3 5  1 1  . 0 2 1 7  4 .  1 0 0 2  c  . 0 3 5 5  4 5  . 0 3 5 0  U  . 0 9 2 0  
1 3 . 7 0 2 7  6  , 3 5 1 4  1 .  , 5 4 1 0  c  . 0 6 0 8  3 7 .  2 1 9 9  0  . 0 5 7 2  1 2  . ) f 5 9  6 .  . 1 6 2 9  2 .  4 2 2 8  c  . 0 4 5 6  2 6  . 6 1 1 6  0 ,  , 0 5 1 6  
1 2 . 0 7 1 4  6  , 0 3 5 7  3 .  , 7 2 7 4  c  . 0 3 C 4  3 9 .  1  7 8 9  0  . C 5 C 4  1 2  . 0 7 1 4  6  . 0 3 5 7  2 .  7 9 5 0  c  . 0 4 0 6  3 D  . 7 0 5 7  0  , C 5 C 4  
3  I . N C H  C Y L  3  I N C H  C Y L  
4 2 . 2 5 0 0  1 4  . 0 8 3 3  4 .  , 1 6 9 9  0  . 1 0 1 4  3 4 .  8 2 5 7  0  . 1 4 4 0  3 7  . 5 5 5 6  1 2  , 5 1 8 5  4 .  6 3 8 6  c  . 0 7 1 0  3 1  . 9 6 5 8  0 ,  . 1 2 6 0  
4 0 . 5 6 0 0  1 1  . 5 2 C 0  4  ,  . 6 3 8 6  c  . 1 0 1 4  3 2 .  , 5 0 4 0  .  1  3 6 3  1 6  . 2 1 4 3  1 2  . 0 7 1 4  6  3 8 6  c  . 0 8 1  1  3 3  . 9 6 5 8  c  . 1 2 3 5  
3 6 . 2 1 4 3  1 2  . 0 7 1 4  5 .  . 6 3 2 5  c  . 1 1 1 5  3 9 .  , 4 6 9 1  0  . 1 2 3 5  1 1  . 6 0 7 5  1 0  . 5 6 2 5  5 .  1 3 5 5  0  . 0 5 5 8  3 7  . 6 0 5 0  u  .  l C f - 0  
3 ) . P 0 C 0  1 1  . 7 6 6  7  4, , 9 6 ' H  c  . 0 7 6 1  3 4 .  , 8 2 5 7  0  . 1 1 5 2  i O  .  7 2  7 3  1 0  . 2 4 2 4  3 .  8 1 0 2  c  . 0 6 0 8  27 . 9 0 0 5  0  . 1 0 4 8  
3 1  . 6 P 7 9  1 0  . 5 6 2 5  5 .  . 9 6 3 9  c  . 0 8 1 1  41. , 7 9 0 8  c  •  I C 6 0  2 9  .P235 9 .9412 4729 c  .0710 3 2  . 7 5 2 7  0  . 1 0 1 7  
21.1250 7 .0417 4, .9699 c  .091 3  34. P257 c  . 0 7 2 0  29 .8235 9 .9412 3 .  9759 c  . 0 6 0 8  29 . 1  1 3 5  0  . 1 0 1 7  
1 8 .  1 C 7 1  6 .0357 3 .6446 c  .0963 2 5 ,  , 5 3 R f i  .0617 2 8  . 1 6 6 7  9 .3669 3. 4789 c  .05C7 2 5  .4743 0  .0960 
1 5 . 8 4 3 8  5 . 2 8 1 3  3. 6446 c  • 0608 2 5 .  5 3 8 8  .0540 2 1  . 1 2 5 0  7 .0417 3. 6446 c  .1014 2 6  .6874 0  .0720 
18 . 1 0 7 1  6 . 0 3 5 7  4. 1416 c  . 0 4 5 6  3 0  .3266 c  . 0 6 1 7  
Fig. h2» (Continued) 
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i n A  S U f  l O A M  
CAT i n S  f * C H \KG£ CAPACITY . iT.OO KFC/lOO CHAD'S 
PEHCfN! SAhO • i;,6 
Pr«CKM SILT • 6^,7 
PCKCrsI CLAY • 16,7 
TPfPrRATUH: • P2. Pf-GRCES FAWRENHFÎT 
P-^h'iSUHE G#?F HfAOlNC • IOC. 
STliME • 19.J Pt'KCrM-^" 
c r s s j î v  •  e i . 6  pouncs / Ccp i c  fcct - l  
I i ; a  s i l l  I C A k  
C4TIUS ÊKCHANGt CAPACJIV • 17.Cj ^ f^/lCO GRAKS 
ptwcfsi SAsr. • i;.f. 
PCHCCM SIl f « 6*>.7 
PF^'CCM FLAY . lo. 7 
TCHPCRATl KC • rC. ThGREtS •AHKLNÏ-flI 
PR» S*.LHC GAv'.F HfcAOING • lît. 
KUI STLPF • ? C . 2  PI PCCM - 3 
c c N S i T Y  •  P A . :  p L u s c s / c t H i c  f c r i - 2  
v t l .  S T H  - R A I C  S M I  A "  C I S » .  v e i .  S T , (  - K A  I P  S M (  A «  L U # .  
I N / S E C  I N / I N - Î F C  i n i S / 5 C  I N  IN S / t a D  / / / C f .  • S / S F C  I N / I N - S E C  L f t S / S C  I N  I N  S / k L  
2  INCH CY' ? INCH CYL 
1 4  .  < 5  fc -J -, 1 7  .4028 e4S6 C  . 0 8 1 1  SI . 3 2 2 3  C . I 4 t 0  i n , 7 2 7 1  •> . 1636 S 2184 C  . 0 7 1 0  SI .62*5 12P1 
)2 .7097 16 .  I S A M  C  .08 I 1  49 .1484 C 1 If 6 ?'J.t-7)5 14 .9118 )166 t  .06CH 65 .1203 c 1 2 4 5  
) {  
.647» 15 0 Î<?11 c .U7fC S9 2 1 8 1  0 { Î2J / n . 9 7 l 4  14 4857 5. <619 C .06C8 M .2897 c. 1 2 1 0  
1 1  .tflM l*> .9430 4. P4S6 C . 0 7 1 0  S I  1223 n 11? 1  28.1667 14 u e ' i  5. c .0558 57 .4 59 1 c. 1 176 
1 1  .6975 I S  0438 4 . H456 C .OR 11 SI 1 2 2 3  C 1 1 2 3  27.4154 1 1  7 C 2 7  5. 2184 C .0558 S 3  .6285 C. 1:44 
11 i'j B430 5. iSJR C . 1 3 1 ( 3  Sfl " • 2 2 3  u 1 323 7 ^ . 4 0 5 4  3 7 C 2 7  S. 2184 C . C 5 C 7  5% .6285 0, 1144 
?>} 
. 3 5 C 0  I ?  6 7 5 0  1 .  3447 C . 0 8 6 2  3 5  5 inn c 1058 26.cccn ) COCO 5 .  5 9 1 1  c .  . 0 7 1 0  57 .4591 C. 1 C ( 6  
24 . 14?«7 I ?  0714 4. 2H6S C .0355 45 4005 c ICCH 2J,C45S 1 522 7 4. P4S6 C  .0600 49 . 7979 0. C9(2 
2 1  . 1 2 5 0  1 0  S625 4. 4729 c .0761 47 3745 0 CHt"? 22.53)3 1 1  2667 4. 4729 r .04C6 45 .9673 r .  C941 
11 , b ? ? r  7614 S .  CÎ20 C . 0 4 : 6  S3 2^63 C4KI 22.> 1 3 1  1 2667 5 .  C120 C .0608 SI .7132 n. 0941 
11 .C717 S  SIC9 1. 1661 c .04C6 33 5569 C4fO 9,C516 4 5268 5. 5 9 1  1  C .0406 57 .4591 G. 0378 
10 s ?ni 1 ? - d C 9 7  c .04S6 27 6 3 5 1  044 1 7,HCC0 3 9CC0 6. 5 2 1 0  c . 0 3 5 5  67 .0156 0 .  0 3 2 6  
3  I N C H  C Y L  3  INCH CYL so . 7 C C 0  l 6  9cce 4. fH7l c . 1 0 1 4  34 5 0 7 3  c |7?8 40.5AOO 3 52C0 S .  7902 C  . 0 7 1 0  39 . 7248 c. 1 3 P 3  
^ r  1 ?  «iies 4. 9699 c ,0862 45 n9?2 c. wto 19.CCC0 3 ooco 5 .  7982 C  .0659 19 .7248 u. 1 3 1 0  
3 1  .t'»75 I C  S A 2 S  4. 6366 c . i 0 6 S  3 2  f527 c 1 C 2 0  19.CCC0 1 nocc 5 .  7982 C  . 0 7 1 0  39 .7248 0. 1 3 3 0  )i 
. L H J S  10 S 6 i S  4. C S B 7  c .OMll 28 0 1080 37.5556 1 2  sies S .  9619 C  .076 1 40 .8598 n .  i 2 P 0  
11 . 6 * 7 5  10 S 6 2 5  4. 9699 c .0456 1 5  0 9 2 2  c. ICRO 36.2143 1 2  0714 5 .  3 0 1 2  c .0811 16 3196 0. 1 2 3 5  
3 1  . 6 P 7 5  IC S62S 4. 3072 c 06C6 30 411? 0 .  ICPO 34.9655 1 1  6552 5. 7982 c 060» 39 7248 0. 1  192 
? 4  9  9412 4. 7214 c .0710 33 3376 c VCi7 1 9 . S C O O  6 sccc 3 .  97S9 c . 0 5 0 7  27 2399 n. otts 
2 6  . f c « 4 7  3 8947 i. P 1 C 2  c .0761 26 9040 c C910 IS.1071 6 03i7 4 .  3072 c .0608 2 9  4 0 9 9  G. 0617 18 . 7 7 7 1 1  6 75S3 3. P 1 0 2  c , C 5 5 «  2 6 . 9 0 4 0  c. C640 
16 .scoo •> 6333 1. 97S9 c . 0 6 1 1  2 8  0 7 1 8  0. 0S76 
IDA SILT LCAM 
CATinS C*CHANr,C CAPACMV • IT.QO PTU/ICQ GRAMS 
PCXChM SANn .  17 . 6  
PfHCTM SILT • 6^.7 
PCHCrM CLAY .  16. T  
TCyPFAATURE • 0. rFGRfCS FAHHCNHEIT 
P1CSSLRE GAGE HEAHING • 1?C. 
"OISTLHC • IS.7 PFflCCM-3 
CCNSirt • 87.0 PCUNCS/CL.e IC FCCT. 2 
L U A  SILT LLAP 
CATION CxCH&NGf CAPACMY • 17.CU >»ftt/lCO GkAKS 
PTKCfM SANr - W.6 
PERCENT SILT • 6b.7 
PJ-KCEM CLAY • 16.7 
TEMPERATURE • 79. CEGHtfS FAHRENHEIT 
PRrSSLRE GAGE PfAOlSG • ?1C. 
f'UlSTUHE •  ? C . 2  PLRCFM - 3 
DESSITY • SO.9 HLUNNS/CLDIC FCtT - 3 
vbL. STR-HATE SHP Ad CISP. Vf L. 5 7 * .  •PAIE SHEAR CISP. 
IN/SEC IN/|N-<HC LMS/ SL IN IN S/kO V//TD IS/SEC IN/IN-SEC LRS/St IN IN S/kU v / y c ô  
2 INCH CYL ? INCH CYL 
1 3  .PCCO 1 6 .  , 9 0 ( 0  5. 9 6 3 9  r  .0710 59. 2370 0. 1411 2H, .1667 14, 083 1 7. 0276 C .U7IC 74 . , 1 6 8 1  c .  1 1 76 
1 1  . 8 c c n 1 6 .  9CCC 6. P95/ c  .0710 6 8 .  492 7 c. ,14 11 28 . 1667 14, 083 1 e. 2CGÎ C . 0 6 0 8  77. ,9095 c ,  Il 76 
1 1  .PCOO 1 6 .  ,9CC0 5. 9619 c  .0761 * 1 9  ,  ,2370 r. 1411 28 .1667 14, 0831 8 .  9458 C .0710 64. ,9422 t, 1176 
11 .6P75 15, ,8438 6 . 7091 C .0608 66. 6416 . 1321 26 .COCO 1 i .  ,OCCO 6. ,8957 C .0659 65. ,5 148 0, ,lCf6 
11 .6875 15. ,8438 5. 591 l c  .0456 55. 5146 C. . 1 3 ^ 3  24, .1429 12. ,0714 8 .  9458 C .0659 , 64. 9922 0 .  , 1 0 0 8  
10 . /273 15. . 1636 5. 7104 c  .0456 51. 8123 C, .12F3 21 ,5A|4 11. , 79C7 8 ,  .2003 C .06C8 77. 9095 c .  CSf-S 
29 .P?15 l4. ,91 18 7. 0821 c  .0558 70. 14»9 r ,  .1245 2 1  .C45S II. ,5227 7, .2685 C .05C7 69. 0561 c .  0962 
29 .8715 U. ,9116 5. 9619 c  .0456 59. 2170 (,. ,1245 21, 1250 1 0 .  5625 9. . 1 322 c  .0710 86. 7626 0 .  . 0 8 8 2  
78 .9714 14. ,4Pt7 6 .  5210 0  .06C8 64. 7904 c .  1210 20, .6419 10. 1469 7, 6412 C .0608 72. 5975 c .  CB<4 
25 . 3500 12. ,67*0 t. 7093 c  .U6Ca 66. 6416 C. 1058 16, .4164 9. ,2162 6. . 7C93 c  .0155 6 1 .  7*41 . 0 ,  .0770 
12 .6750 6. ,1115 4. 6593 c  .0406 4 6 . ,2769 C. CS?9 10, .1469 3 ,  .ms 5, .7775 c  .0456 54. 8908 '  c .  C432 
12 .6 750 6 .  3175 5. <184 c  .0507 51. ,8123 C. ,0529 9  .5660 4, ,7830 5. 4047 c  .0355 SI. 3494 G, C399 
1 INCH CYL 3 INCH CYL 
39 .COCO 1 i. COCO 6 .  9578 c  .0811 46. ,C712 c. , l 330 40 .5600 13, 52CC 8 .  2631 c  .0710 52. 4643 c. I3f 3 
11 .6875 lu. 5625 6  .  2952 c  .0761 41, ,6851 r. , K P O  36, .2143 12. ,0714 7, .9518 c  .091 3 50. 3657 0 .  1235 
11 .<.P75 IC. 5625 6  .  6265 0  .0558 43, ,P792 c .  ,ICf 0 36, .2143 12. 0714 8. 2811 r  .0710 52. 4643 0 .  1235 
31 . 6 8  75 le. 5625 6. 9578 c  .0608 46. ,P732 r ,  •ICI r, 3 4 ,  .9655 11, .6552 7. ,5518 c  .086 2 50. 1657 r ,  .1152 
1 0  .7273 10. ,7424 6 .  C467 c  .0659 4C. . 0  398 p. ,1048 11 .6R75 IC. ,5625 7, .7P61 c  .0659 49. 1164 c ,  .ICfcP 
29 .82)5 9. 94U 6 . 7^22 c  .0659 44, ,976? 0 .  ,1017 29 .«215 9. ,9412 8 .  1175 c  .G7IG 51. 4150 r. K17 
21 .1250 7. 0417 4. 9699 c  .0710 12, ,9094 0 .  ,0720 17 .4828 S. ,8276 6. ,4608 c  .0406 40. 9722 r. CS96* 
18 .m/i 6. ,03*7 4. 5699 c  .0456 12. ,9U94 (., 0617 16, 9CC0 5. ,633 3 6. 626S c  .0SC7 41. Q714 0 .  0576 
Fig. ^2. (Continued) 
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H î A  s i l l  L L â H  
C A I I U S  r * C H A N r . t  C A P A C I T Y  •  W . < ; 0  G / I C O  C P A f S  
P f i T . I M  S A M »  •  U . l .  
p r f r . r s !  M i l  •  
p T K n M  r . i / « Y  «  i f , .  f  
î i  > - 0 1  P i n t i t f »  .  ï * . ,  r r r . H u s  M h « r N h c i r  
P k (  S ' . i i u r  M l  A l i U ( .  •  l ' i .  
H n i s r i ^ f  •  7 s .  1  p r w r . r M  _  j ,  
r r u M f Y  .  t ' i , t  I I  n .  m  I  .  i
tUA SILT ICAM CATins cx(-M4Kf.r CAPâcm •  n . c o  H r c / i c o  cha»»s 
p f u r c M  S A n n  »  M , h  
p c i i C f M  s i i i  •  6 V . r  
PEHCTM CLAV • 10.7 
T r f P C R A î u R C  •  1 2 ,  l ' c r . a f f s  f * H B C N > - r n  
P A C s s u w E  & * r , r  v » t » r i N o  •  * , c .  
H O I S I L M C  •  7 4 . s  P m C F N !  - 4  UENSITV • f4.1 PCIAO^^CLU IC, MLf . ) 
VI I. S T 4  - H A i r  SIM ah 1  I S P .  
i N / s r c  l - ^ / i N - s r c  I M S / ' ^ C  I N  I N  S / m :  V/ vITD 
2  I N C » -  CYL 
74.p;IS 14 .mm 7 ,  f n ) 7 C . C  n o  ? • ) .  c, 
/n.f,*4/ 1 1 . (4/1 / ,  .f n V C /M . ,/'ll4'» c, .1114 
76.(,'4? 1 T  .  u ? i  P .  , C  . i(,4m 0 .  1114 
/ A . c c r o  1 . n o c u  /. m; C , 0 « l  l  , T<fl 'J. , ICP6 
?4. ni7 i;, ? .  ,s Ï46 C . 0 ' » 0  7 r7. ,4 764 0 .  , i c n  
1/, .0 7 14 /, , 4//H C .n4C6 . ICCH 
?;.sm 11. 7 ,( n 17 c  .0'> l i . r , t ) 2 h  .C941 
?1. i c .  i. (146 c  .OflC 0, , c e f 2  
1 0 .  J460 5 ,  .1 71S 1. c  .o^sn U .  ,'<7C7 , .04 »7 
q.'»4i/ 4c . o / c .  1, , 4'»n c  .U4C6 w . .  IJ. C41S 
) INCH CYL 
w ,  1 m 4. ,}0 1 ?  c  .0ft*)9 M ,  1779 u ,   U k 0  
M .  l M '» ) .  , /s » c  .OHU /Il. , MU ,  1 7 1 0  
1h.;i4l \?< .0714 ,141/, r . n o h  ^  / V ,  9107 c ,  .17") 
\ \ 4, .4 f; » c  .OMC > ? .  ,  u s i  ,  1 r , 7  
n. f l c o o  \ 1, .?6t 7 4, .C5R7 C .,)76l ; o .  ,>171 c ,  .1 l',7 
D.PCOO 11, 7 4, .47? ) r .0 761 . usi 'J, .11',? 
12.7C17 1 0 ,  , 1 0 ? ?  1, ,«;7'i'< C ,UbC7 / p ,  . c .  un 
16.9000 . M 3 )  . 4Ml'< C .('SSH f * - . .  i 4 I H 0 .  0576 
16.354m », .4516 1. |4 76 c  .04^6 2 7 ,  .74 7 » c ,  .05iH 
VfL. STR--RATL SMLAH CISP. 
IN/SfC IN/IN-SEC Lns/ s c  Ih IN S/kl: • V / VC(j 
ISCh r.Yi 
77.4054 11 .702 7 3, . f774 C .0659 )H .7115 0. , 1 144 
7h.fP47 1 ) .U21 3. /774 C .0558 16 .7115 0, .1114 
76.A A4 7 1 j ,1421 4. 2665 C .0659 43 .9417 0. 1114 
75.J5C0 17, .6750 4. 6456 C .U6Cd 49 .6 f49 (i. ,105* 
r<.5«i4 11. 79(7 1. 5410 C .0600 )6 . 3009 c .  ,C9>5 
7T.L4S5 11. S727 4, :H65 c  .05C7 41 .9417 c .  09(2 
71.5745 K. .7«7? 3. 3547 c  .05C 7 34 .3901 0. , c v c i  
7l.l?*»0 IC, .5675 3. 3S4 7 c  .0456 14 .1V03 0. Cet7 
q.SAMI .7fl30 2 ,  C5C1 c  .0507 < f l  .0163 ( .  ,C)S9 
y . j f p q  ï. 5)03 c  .Q4C6 19 .8700 c .  0 357 
INCH CYL 
4? . 7 5 r o  14. , r p ? i  4. 9699 c  .0710 13 ,96Sfl c .  144U 
47.7500 M. ,0831 4 . 5699 c  .on62 )1 ,9658 c .  1440 
17.5556 U. ,5165 5. 3012 c  .0761 36, .7302 0, I2f0 
*6.2141 \ 2 .  0714 4. 7714 c  .0659 32 .7675 c .  ,12^5 
14.9655 11. ,65Î2 4. P042 c  .Oflll 12 .N)36 0, .1197 
13e(4C00 11. ,76(7 4. 5699 c  .0761 )3 .9658 c ,  1157 
31.6"75 10, 5625 6386 c  .0710 31 .7014 0, ,10x0 
7 o . < r f l o o  6, ,76(0 1, (446 c  . o n i i  24 .9nm2 0, 0651 
16.0000 5, ,6 3 21 4. 1901 c  .0761 30 .0011 0, ,05 16 
15.84)8 5 ,2m 11 4. 0587 c  • 0608 2 7 ,  .7)87 0, ,0540 
I D A  S U T  L C A M  
C A T i n s  r x c H A N C k  C A p A c i i v  •  i 7 , r n  K r c / i c o  C P A p s  
» » f ' » V . t S T  S A K r  •  W . 6  
pfwr.rM MI T  •  fts.7 
P f  K C f  M  f l A Y  -  I f t ,  f  
I f M P r R â T l H r  •  ? • > .  L t G U r f S  F â H R f N h C t r  
P K I  S S L M I  G A C r  « t A I I l N r ,  •  o t , .  
p c i S T L w c  •  ; • . *  p f w r r M  -  t  
C f S S I T Y  •  « J D . T  P L U S D S / C t n i C  F L L T  -  ]  
LURCN suit CLAY 
CAMUN EXCHANGE C A P A C I T Y  >  41 .30  M C Q / i C O  GMAFS 
p r n C F M  S A N n  •  « i . î  
PFRTCFCM SUT  -  41 .S  
PE ' ^CFM CLAY •  51 ,0  
T F M P l M A T U k C  •  7 i .  r C r . R E E S  F A H « E h l - f i r  
P « H i S U f t E  G A O C  H E A D I N G  •  2 0 C .  
K O I S T L H C  •  1 0 . 7  P E R C E N T  -  !  
CCNSITY  •  64 ,1  PCUHOS/C IE IC  FCCR - T  
v r  L .  S T H -• R A T F  S M f  A M  n s F .  V K .  S T r t -- R A I E  S H f  A f t  C I S P .  
I N / S F C  I N / I N - i l C  L H S / b t .  I N  I N  S / k l ,  v / y c T  I N / S t c  1 , N / I N - S r c  L f t S / S C  I H  I N  S / N U  v / / r r  
2  I N C H  C Y L  2  I N C H  C Y L  
7 9  . " 7 1 5  1 4 .  . 9 1  I H  , 7 i n 4  0  . 0 6 C H  4  9  ,  . 9 7 I S  0 .  . 1 7 4 5  7 H  . 1 ( 6 7  1 4 ,  . 0 8 Î 3  5 .  C ) ? 0  C  , 0 6 0 8  6 7  . P )  1 6  c .  .  1  W 6  
7 M  . < 3 7 1 4  1 4 .  , 4 4 5 7  , * ^ 9 1  1  c  , 1 6  0  H  • i  1  ,  , 4 r t  M  0 ,  . U K  7 7  . 4 0 5 4  1  ) ,  . 7 0 : 7  5 .  5 9 1 1  C  . 0 6 0 #  7 5  . 3 6 P 5  c .  . 1  1 4 4  
7 H  . : f 6 7  1 4 .  , 0 #  î  1  . 4 C 4 7  c  . r 6 ' ) 9  • » 1  ,  .  / 0 4 4  r .   1  1  7 6  7 0  , t P 4 ?  l  %  . 1 4 2 1  5 .  C J 2 0  C  . 0 5 0 7  6 7  . « M 6  c .  . 1 1 1 4  
7 7  . 4 r y 4  1  1 .   r r . ,  r  c  . 1 7 1 0  4 6  ,   r  c .   1  1 4 4  7 6  . 0 0 0 0  1  )  . o o c o  4 .  ( 5 9 1  c  . 0 6 0 8  6 7  •  f l O f O  n .  . 1 C ^ 6  
7 6  . (  P 4 7  1  1 .  ^ 7 1  . M i l  c  . 0 4 4 6  5 1 ,  .  4  H  7  1  ( . .  , 1  1 1 4  7 5  .  ) 5 C 0  1 7  . 6 7 5 0  5 .  4 0 4 7  c  . 0 6 0 8  7 2  . « 5 6 2  c .  . i c t n  
7 4  . 7 M  7  1 7 .   W , 5 ' '  4  ,  .  '  4 5 6  ( . 0 6 ( : n  4 6  ,  C .  I C ? 3  7 4  . 7 ) 1 7  1 7 ,  , 1 6 5 9  / .  4 5 4 P  .  c  . 0 5 0 7  1 0 0  . 4 9 1 3  u .  . I C Î )  
7  )  . 5 P  1 4  1  1  .  7 « ^ C  7  5  ,  .  M  7 S  c  . 0 7 ( 1  5 5 ,  . P i r ?  c ,  . 0 9 ^ 5  7 4  .  n i 7  1 7  ,  ) 6 " 9  5 ,  5 6 ) 9  c  . 0 6 5 9  0 0  •  1 9 ) 0  0 .  . 1 C 3 3  
7 1  . 5 P  1  4  1  1  .  .  r - K  7  • > ,  . 4 0 4  f  L  . U 6 C M  S I ,  .  f U 4 4  c .  . C 9 H 5  7 )  . 5 8 1 4  1  1  .  . 7 9 C 7  6  .  1 5 0 7  c  . 0 3 5 5  8 7  . 9 0 5 3  0 ,  . 0 9 K 5  
. 5 A 6 n  ,  7 f l  ! ( j  1 .  .  7 7  7 4  C  . 0 4 ' , 6  4 5 .  r * i f l 7  c ,  . 0  « 5 9  7  i  . 5 H 1 4  1 1 .  . 7 9 C 7  1 .  3 5 4 7  c  . 0 2 5 4  4 5  . 7 2 1  I  0 .  . C 9 » ' 5  
. 6 9 4 4  % .   1 2  7 4  c  . I J 4 C 6  1 5 ,  , f ' 5 P 7  0  ,  . C 3 S ?  2 ^  . 5 "  1 4  1 1 .   7 9 C 7  5 .  C 3 2 0  c  . 0 6 3 9  6 7  . " 3 1 6  T i .  C 9 f 5  
1 0  . 1 4 C 0  5  . O 7 C 0  3 .  3 5 4 ?  c  . 0 5 0 7  4 5  . 7 7 1 1  L .  0 4 ? )  
1  I N C H  C Y L  1 0  . 1 4 0 0  5 ,  . Û 7 C 0  1 .  • 4 1 0  c  . 0 4 5 6  4 7  .  7 3 3 4  C .  . 0 4 7 3  
4 7  . 7 4 0 0  1 4 ,  .  y n 4 7  r  . 0 9 1  1  M ) .  6 ) 9 6  .  1 4 4 0  1 0  . 1 4 0 0  5  . 0 7 C 0  2 .  7 9 4 6  c  . 0 4 C 6  3 7  •  6 8 4 2  0 ,  . 0 4 / 3  
4 7  . 7 ' i C O  1 4 ,  . n p  ]  i  .  f  r  . 0  r t  1  7 9 ,  1  1  . 1 4 4 0  7  . 4 5 S 9  J .  . 7 7 * 9  2 .  7 9 5 6  c  . Û 4 C 6  3 7  •  6 8 4 2  0 ,  . 0 3 1 1  
4 n  I  1 .  S 7 C 0  4  ,  . « . 6  V 9  r  . C l U l  M  ,  , f  9 6  7  f  ,  . 1 3 »  3  
% 7  . 5 5 * ) 6  1 7 ,  h ,  .  1 0 1  7  c  . 0 H f t 7  1 1 .  " 0 9 7  . 1 2 ^ 0  3  I N C H  C Y L  
1  ^ . 8 0 0 0  1 1 .  . 2 6 ( 7  4  ,  , 9 6 1 9  L  . 1 3 6 5 9  M  .  . 6  > 6  7  ( > ,  . 1  1 * 7  . 0 P 7 0  1 4 .  , 6 9 5 7  5 .  5 4 9 7  c  . 0 9 1 3  4 9  •  P 7 1 4  0 .   1 5 C 1  
1 0  .  7 7  M  1 0 .  . 7 4 7 4  ,  5 6 9 1  r  .  1 0 1 4  U  ,  . ' 9 6 7  ( • .  . 1 0 4 » '  * 9  . C O C O  1 3 ,  . O O C O  5 .  3 8 4 0  c  . 0 8 1 1  4 8  .  1 8 4 7  0 ,  .  1  3 2 0  
i m  . 1 0 7 1  . 0 1 5  (  . 1 4 1 6  f  . 0 R \  l  . ' 6 ,  . 4  1 ) 5  c .  . 0 6 1  7  1 7  . 5 5 5 b  1 7  . 5 U 5  5 .  C 5 2 7  c  . 0 7 6 1  4 5  •  4 0 7 ?  G ,  .  1  7 7 0  
i n  •  I C f l  . 0 1 5 7  .  1 0 7 7  i  . 1 0 1 4  . 4  7 0 0  0 ,  . 0 6  1  7  U .  . 7 1 4 3  1 7 .  . 0 7 1 4  4 .  1 9 0 1  c  . 0 7 1 0  3 9  •  4 5 7 1  0 ,  . 1 2 ? ' ,  
1 6  . 7 1 4 1  1 7 .  . 0 7 1 4  4 .  5 6 9 9  c  •  0 6 5 9  4 4  •  6 6 7 8  0 ,  . 1 7 3 5  
1 1  . f l O O O  1 1 ,  . 7 6 6 7  4 .  9 6 9 9  c  . 0 6 0 8  4 4  •  6 6 2 8  r .   1  l * ) ?  
1 1  , 6 P 7 5  l e .  . 5 6 2 5  4 .  6 3 8 6  c  •  0 8 1 1  4 1  . 6 8 5 3  0 .   I C f O  
1 5  . e 4  ) f l  5 ,  . 2 6 1 3  3 .  e i 0 2  c  . 0 6 0 8  3 4  •  7 4 1 5  0 .  . 0 5 4 0  
! 5 ,  , 1 1 4 3  5 *  . 0 4 4 8  4 .  1 4 1 6  c ,  . 0 4 5 6  3  7  •  2 1 9 0  0 .  . C & I 6  
Fig. 4-2. (Continued) 
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lUTCN SILTY CLAY 
CM ION EXCnuttCC CftPAtnV « 4).3V HFC/ICO COA>»S 
PCKCrst SANH • i,b 
PfKCFM SILT • 
PCrtCCNI CLAY • 51.C 
TFMPFAf TUAE • 71. CFGRfCS TAHRCNI-CtT 
PKrsSLWr CAr.r REAniNG • 51C. 
KO!STURE • Hq.K PERCPKT - 2 
DENSITY • 74.3 PCUKDS/CtHIC FCCf -3 
L U T C N  S I L T Y  C L A Y  
C A T I O N  C X C H A N T . C  C A P â C l l Y  •  4 1 . 3 Ù  H £ C / K C  C R A P S  
P C K C T N I  S A N D  •  i . S  
P E ' t C E N l  S U T  -  < , 3 . 5  
P E " C r M  C L A Y  •  5 1 . 0  
r C P C R A T U R C  •  M .  r Ç r , H £ E S  F A H R f N h f I T  
P f t r S S L ^ C  G  A C E  H T A C I N G  •  U C .  
K C I S T U W r  •  7 1 , 4  P t R C f M  -  3  
t e . N S i T Y  •  t ? , 2  P L U N C S / c t a i c  F C C T  -  i  
VFL. S T R  - H A T F  SHC*R CISP. VU. S T 4 -• i i A i e  $M£AM CISP. 
IN/SEC IN/IN-SEC Lns/sc IN IN s /wc  V/vCL iN/ sec  IN/IN-SCC IAS/ iC IN IN S/kL v /y t rc  
Z INCH CYL 2 INCf CYL 
I 7 ./ASS 6 .P947 K.  4231 c  .0456 123. 5451 0 .0743 21.1250 IC. 5625 4  .  1002 C .0456 5r .9 33M 0 , ce»-2  
I 7 . 1P64 ti .593^ 10. 2504 c  .0456 119 .  2 102 0 .071" 19.eP24 .9412 3, 72/4 C .0507 51 . 75HC 0 .06 '0 
17 .J P64 d  .5932 9. ,5 7/6 c  .0456 i  14 .  0753 C .  C7ia 19.5CCO .  f b C O  4. 1C02 c  .04 36 56, .9 Î38 0 .Cfll4 
16 .«iCCO a  .45C0 P. , 945H 0 .020 3 104. ,C3P0 0 , .0716 19.1321 .5660 3. 9138 C .0406 54 , . 3459 0. 0799 
It .CIS? ft .0476 1 1 . 5550 c  .0355 134. ,3824 c .  0672 19. n2 l  9. ,5660 3. 72 74 C .06CP 51 , . 75A0 c .  0799 
15 .8438 7  .9219 9. ISlj c  .0254 112. , 7078 C. C6f 2 1H.1C71 9. 05Î6 3. 72 74 C .0558 51. 75R0 c .  0 756 
14 . ce33  7 .0417 10. 0640 c  .050 7 1 17. 0428 c ,  .C5C0 U.ÇOCO n. 4500 3. 5410 C .0608 49, .1 701 0, ,07C6 
14 .CP33 7 .0417 11 .  1822 c  .0406 1 30. ,0475 C. csir 16.C':*>2 u. ,04 76 2. 9819 c .0304 41. 4064 ( . .  0672 
13  ,7C27 fr .0514 i c .  0640 c  .0456 117 .  0478 0. 0572 6.3375 , 16ER 2. 2164 c  .0355 31 . 0548 0. 0265 
8 .45C0 4 .2250 6. Ï230 c  .0254 75, ,P6I 1  c .  0313 6.1064 3. 0542 2. 4224 c  .0355 33. 6427 c .  0255 
4 .37C7 2 .1053 u . 15C2 c  .0203 71. ,5261 0. 0162 
3 .«JôO 1  .98(5 6 « 7093 c  .0254 70. ,0265 C. 0 1(5 1 INCH CYL 
32.7C97 10. 9032 4 . Pb71 c  .0761 45. 2404 c. 1115 
3  INCH CYL 32.7097 10. 9032 4. 4729 c  .0761 41 . 4064 r. 1115 
? b  .AP42 8, .A947 9. 2771 c  . c f t ca  71. 9275 0. C910 31.tfl ?5 10. 5625 4. 3901 c  .0862 40. ,6 396 .1C^0 
? b  .ftP42 y, .0947 9. 2 77 1 c  .0710 71 . 9275 C .  0910 31.6075 10. ,5625 4. 7214 c .08 11 43. 7068 c. .lOfeO 
26 .CCCO 9, .6667 0. f .  145 c  .0710 66. 7898 C. . ceP6  30.7273 10. ,2424 4 . 3901 c  .071C 40. 6396 0. 1C48 
?5, .35C0 .45C0 9 . 1115 c  .0456 70 . * 4 3 1  C. 0814 19.^000 6. 50(0 4. 2244 c  .0963 39. irti 0. 06(5 
?4 .7317 ».  2439 9. 2 771 c  .3710 71. 92'r5 0. 0643 17.1321 6. 3 774 4. 5557 c  .076 1 42. 1732 0, .0652 
24 .1429 H, 04 76 A. 9458 c  .0456 69, 3587 C. ,CH^3 16.3548 5.4516 3. (446 c  .076 1 33. 7386 c, .0558 
23 .5014 7, .R6C5 9. 27fl c  .3659 71, 9275 0, . cec* .  16.ÎS40 5. 4516 3. 4769 c  .0710 32 ,2050 c .  ,C55ft 
U . 3659 4  .1220 7. 12 35 c  .0355 55. ,2301 0 .  0422 15.8438 5, .2813 3 .  6 4 4 6  c  .0710  33 .  .7366  c .  C540 
I?  .3659 4  .122C 6 . 4608 c  .0406 50, 0924 0 .  0422 
U  .5227 ) .P4CV e .  6145 c  .0355 66. 7898 0. 03S3 
LUTON S I L T Y  C L A Y  
C A T I l i N  t x C H f t h C t  C A P & C I  1 Y  •  4 1 . 3 0  H C C / I C O  G R A M S  
P [ 4 C (NT SAND •  5 . 5  
P F k C N T  S I L T  -  4 $ . 5  
P r ^ C C M  C L A Y  -  5 1 . r  
T C K P C R A T U R F  «  7 0 .  t r C R C C S  F A H R E N I - C I T  
P R C S S t r ' C  G A G C  M C A U I N G  •  ? 3 C .  
^niSTLwr - fj.5 PrRCTN! - 3 
C E N S I T Y  •  6 9 . 1  P C U N C S / C L f i l C  F C C T  - 2  
L U T O N  S I L T Y  C L A Y  
C A T I O N  F X C H A N C C  C A P â C l I Y  •  4 1 . 3 0  M E O / I C O  C R A M S  
P G R C F M  S A h D  •  5 . 5  
P C H C C N T  S I L T  •  4 ) . 5  
P f M C E M  C L A Y  .  5 1 . 0  
T C f P C R A f b r t f  «  7 C .  r C C R C E S  F A H R E N H E I T  
P R C S S U r t E  G A ^ E  H E A O I N G  '  4 0 C .  
MUlSTUPE • ?1.t PERCENT - 3 
CFNSITY • /S.5 PLUNCS/CUHIC FCCT - 3 
vei. STA-•HAir SMTAK r ISP. VCL. ST4' •KAIE SHCAR LISP. 
I.S/SRC IN/IN-SIC LMS/SC IN IN S/WC v/ x r  IN/SFC IN/ iN-SfeC IHS/S(. IN IN S/WO 
2 INCH CYL 2 INCH CYL 
24, .7117 12. ,3659 7. ,26n5 C .0456 90, .6232 c  .1033 20, .c939 10. . 3469 1 1 .5550 C .0456 1 32 .1612 . 0 6 6 4  
21 , .5 745 10. . 7P 72 7. ,4548 ( .0507 92 .9469 0, .09(1 19 .P924 9 . 9412 12 . 3005 C .0608 140 .6878 . o e j o  
21 .5 745 1 0  .  ,7R72 7. ,t?76 0 .0608 97, .5942 0 .09(1 19, .5000 9. 7500 1 1  .6051 0 .0558 l*>5 .6092 0. 0814 
20 .f 9 59 IC. , 34(9 7. ,P276 0 .0456 97, 594? 0, .06(4 18, .4364 9. 2162 I 3 .4187 C .0558 153 .4776 c .  0 7 70 
19 .f n24 9. ,941? 7. 4548 0  .0406 92. 9469 0. 08 30 18. 10 7 1 9. 0536 1 1  .9277 C .0406 1 36 .4?45 0. 0 756 
n, .7 7 78 9. , 3Pf9 7. ,4548 0 .C6C8 92, .9469 r, . C 71 4 16 .9000 8. 4500 12 .(732 C ,0558 144 .9510 0. 0 706 
1 5  .6438 7. ,1219 5. ,7 7 75 0 .0456 72 .0338 C .066? 16, .6 2 30 8. 31 15 1 3 .0459 0 .050 7 149 .2143 0. 0694 
14 .'>118 7. ,4559 6. .1502 0 .U5C7 76 .6P12 c .  06/3 16. 3540 H. 1774 1 1  .9277 C .0406 136 .4245 0. 0663 
5 .2813 2. ,64(6 ,4 729 c  .0355 55 . 76PI 0, .0221 16. 0952 H. ,04 76 10 .1^095 C .0355 123 .6347 c .  06 7? 
5 .2hl 3 2. 64(6 4. 6593 c  .0304 56 .0918 ( .022 1 7 .9219 3. 9609 9 . 1322 C .0355 104 .4500 0. 033 1 
7 .4559 3. 72 79 9 .1322 C .0233 104 .4500 0 .  03 1 1  
3 INCH CYL 
34 .9655 1 1 .  6552 7. 4548 0 .0811 61 .9646 r ,  . 1192 3 INCH CYL 
30 . 72 7 % 10. ?424 7. 4548 0 .060 n 61 .9646 0 .1048 33 .HOOO 1 1 .  266 7 8 .6145 C .0659 65 .6859 0 .  1 152 
10 . 72 73 1 0 .  2424 7. f2C5 c  .076 1 63 .3416 r . 104P 2 b  .9714 9. 6571 9 .t569 0 .0659 75 0. 09F8 
30 . 72 73 10. 2424 7.  12 35 c  .081 1 •>9 .2106 0 .1048 28 .1667 9. .3869 8 . 6973 0 .050 7 . U 75 c .  C9(0 
28 .1667 9. 3869 7. t205 c  .081 1 63 .3416 r  .09(0 28 .1667 9. 3869 9 . 2 77 1 c  .0606 70 .7366 r. 0960 
27 .4054 9. I 351 6. 7922 c  .0558 56 . 4 5 6 6  c  .0914 27 .4054 9. 1351 8 .6145 C .0659 65 .6859 c. 0934 
24 .7317 8 , .24 19 6. 9570 0 .0406 57 .P336 c  .0643 25 . 3500 8. 4500 9 .9 398 C .0608 75 .7914 0. ,0864 
7 .9219 2. 64(6 I .  ,9518 ( .0406 66 .0956 0 .02 70 25 . 3500 8. 4500 9 . 2 7 7 1 C .0406 70 .7 386 c. 0664 
7 .3478 2. ,4493 6. 2952 c  .0608 52 .3256 c  . 0 2 5 1  14 .4«57 4. 6 .S57R c  • 0608 53 .0540 0 ,C4«i4 
14 .0833 4. ,6944 7 .6205 c  .0355 58 .1067 •J, . 0 4 P O  
12 .6750 4, 2250 7 . 3720 c  .0456 56 .2119 0 .0432 
Fig. k2, (Continued) 
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\ L R F C I K  S A H C t  I C A K  
CATKIN PïCHAKCf CAPACITY • ?.fc7 HCC/ICQ CMAKS 
PTHCrM SASr • 70.2 
PCr<CCM SUT - 17.n 
PfrKCTM CLAY • IV.M 
r r K i T H A i L R i  •  f c .  r c r . H C f s  F A H R F s » - r i i  
p K e s s u H C  C 4 r , F  M t A n i N r ,  •  « o c .  
KOISTUHE • 4. ! PIRCCM - ! 
U C N S I T Y  • 14.V PLUKD/CLH :C fCLI - I* 
NLUFCLK SANCY 1(4" 
CAÎIfis OrCKANCE CAPACI lY • ?,ô7 NFL/ICO GRAM 
PHRCJ-M SANH . 70.? 
PFRCrM SILT - 17.r, 
PrRCTM CLAY . 
reHPHRATORt • 7C. T^f.RHS FAHRfNhEII 
PRLSSU^t GAf.t «tAClNG • 6CC. 
MUlSTLAC • A. t  PCaCFNT . I  
CrNSITY «uo.î PUONni/CLHIC PCCT . 2 
VEL. STH -RATE SHhAK risp. VfL. STR. •RAT I :  SMI: *w LISP. 
IN/SEC IN/lN-bHC IMS/St IS IN S/kL VZ/GT IN/SEC iN/1 IN-SfC ims/SL IS IN S/hC v/ycT 
2 INC»- CYL 2 INCH CYL 
34.()f 55 W .4n;fl ./CO'* C .1*25 73. ':535 V  .  l4fC 21 .I?50 IC. ,5625 10. 4368 C .0558 P9, ,7l»9 c, .ce«2 
2'j.n?15 14 . 'n 1H IC. eC9 5 C . I2i'.« 97. 3523 .1245 20 .6939 10, . J4e9 9. 1322 C .0558 70, 4997 0, ,C664 
27.4r54 1 . 7r27 IC. 2504 c .1217 92. 3164 .1144 20 .6939 10, ,346 ) 7. 1276 0 .0710 67, 2855 0, ,0064 
2 Î ) .  35CO 12. , u T * - . 0  . I w? c .1 )iH A? .  2459 C . 1 C 5  fl 19 . F " ^24  9, ,94 1? 10. 0640 C .050 7 (J6. 5099  r. 0630 
?5 . ^5C0  I? .<.7«0 a. 945(1 c .1115 no, .5674 C . IC*P 19 .HP24 9, ,941? u. .5550 c .0Ab2 99, ,326% c, ,C830 
?1,C455 n . 52?  7 IC. 43/1" c .1310 93. 9953 c .C9< 2 19 ,5CC0 9, .75CO 9 ,  .3 185 c .C5C 7 80. 1017 0, , 0614  
21.1250 ic, .56 2  5 5. r .C7 IC 53, ,711ft L .ClJf? 1 7 . 7895 ti. ,H947 9 .  5049 c .0558 mi. 7038  0, , 0743  
20.2«C0 lo.  14CC 5. S6i9 c .  1115 53, .7116 n .0*4  7  16 .SCCO n. 45C0 7. , 4548  c .04C6 64. 0814 0, , 0706  in.777m . ippq 4 ,  . 4729  c .0507 4C. ,2837 0  .C7P4 q .45C0 4 .  2?50 5, . 4047  c .0355 46  .  4590 c, 035 3 
I6.CSS2 H.  0476 6  .  ,  1502  R .C4C6 55 . iSCl c .0672 7  .9219 }. 96C9 6, ,7093 c . 0355  57. 6 732  0. 0  3  3  1  
3. 96(9 4 .  , ICO? c .C?'j4 36, , ' ) ?67  c .r33l 
7 .6241  3. 0120 4 ,  .A593 c .0254 41. 9622 ( .0316 3 INCH CYL 
34 .9655 11. 6552 6, ,2831 c .0862 47 .  4677  c. 1192 
1 INCH CYL 34 .9655 1 1 . 6552 5, .4669 .0710 31. 3287  0. 1192 
14 .9655  11 .  6552 6, ,1295 c .0600 . .P0?4  c .  11 <;  ?  33 ,8C00 11. 266 r  6, .3780 c .0608 36. 5501 0. 1152  
' 34.<3655 11 .  f,5t2 6 . ,C467 c .0608 )6 . 1051 c .  1 192  31 . 1875  I C .  5625 6. ,S57fl c . 0659  39 .  8729  0. ICtO 
11.CH75 I C .  56?5  6 . , f ?6S r . 0761  39 .  .7FL64  c . ICPO 31  . 6075  I C .  5625 5 .  , 7982  c . 0659  33 .  2274 c. ICPO 
26.CCC0 ( I c  »  A  6  6  7  6 . . « . 578  c .05L7 41 .  7757 t  .r,pf6 27 . 4054  9 .  1351 8 ,  , 1175  c .0761 46 .  5163  0, C9»4 
22 .5113  7 ,  .5111 4 .  Rn7l r .05C 7  29 ,  . 34?4  L .C76m 15  . 8438  5. 2813  5 ,  6325 c . 0558  32 .  2780  0. 0540  
l 4 . C f l 3 3  4 .  . 6944  5. .  I  )55  c .0355 30. .H344  0  .R4FTC 15  . 3636  5 .  1212  6 .  , 2952  c . 0355  36 .  0754 0. CS24  
13 .7C27  4 .  5676 5 .  . 1355  c .0659 30, . P 3 4 4  . 04 (7  
N C R f C L K  S A h C Y  L L A M  
CAT ICS C*C»-AKr,l CAPACITY - ?.67 HfC/ICO CPAfS 
PFHCCM SAM) - 7C.7 
PEIRCCM SILT . 17.0 
PEKCf-NT CLAY - IV.* 
TCfPCRAlLRt » 70. Dfr.RftS FAHRtKHFIT 
PKCSSL»»C GAT,F MEACINC • 155. 
KUI STLHC • PfMCFKT - 2" 
DENSITY • Sfe.fe PuLhnS/CLPIC FLL1 - 1 
NCRFCIK SANCY LCAH 
CATION EXCHANGE CAPACITY > 2.67 MEQ/ICO GRAMS 
PfcHCtNT SAKn - 70.2 
PERCTM SILT • |7.0 
PERCTST CLAY • 12.B 
TEMPERATURE • 70. CECRfES FAHRfcNHEIT 
PRLSSURb GAGE READING « l\*i. 
KOISTURE • 6.4 PERCENT - 2 
DENSITY • 94.3 PCUNDS/CUOIC FCCT - 1 
VFL. STW-RATE SHEAR CISH. VEL. STR. -RATE SHEAR CI SP. 
If^/SEC IN/I N-SIC L8S/SÎ IN IN S/kC V//:D IN/SEC IN/IN-SEC IPS/SL IN IN S/kC V//?ÏÏ 
2 INCf CYL 2 INCH CYL 
28.9714 14. 4857 4, .2865 C .06 11 30, .3556 C, .1210 20 .6939 10. 3469 4, .1002 0 .1065 37. 5789 0.0664 
28.9714 14. 4 1^7 5. 4047 r .C96 ^ 4fi. 1614 r, .1210 20 ,2®C0 lu, .14C0 2. 6092 C .0304 23. 9138 0.0647 
26.CCC0 13. coco 5. 404 7 0 .0811 48. 3614 C. ICPA 19 ,P824 9. 9412 2. 9619 c .0406 27. 3301 0.0630 
26.CCC0 1 ). Cf. CO 4, .(593 C .0659 41. ,69r9 r, .lCf-6 1 9  .n2i 9 ,  .5660 3. .  3 5 4  7 C . C 4 0 6  30. ,  7 4 6 3  n . C 7 9 9  
25.35C0 12. / , 7 5 C  4 .  2H/,5 C .C5C7 38. 3556 0. 1056 • 19 .1 i?i 9 ,  . 5 6 6 0  3. ,5410 c . 0 4 5 6  32, , 4 5 4 5  C . C 7 S 9  
25.3500 12. 6750 5. .5';il C  .0 76 I 5 C .  , r ? 9 i  0, . 1 0 5 8  17 .  7 8 9 5  8 .  . 6 9 4 7  2, . 4 2 2 8  c . 0 4 C 6  2 2 .  2057 0 . C 7 4 Î  
2 2 . 5 3 3 3  11. 2 6 6  7  3 .  . 5 4 1 0  C .001 1 3 1 ,  .6 851 c, . C 9 4 1  1 7  .7895 8, . 8 9 4  7  2 ,  . 2 3 6 4  c .0355 20. . 4 9 7 6  0 . 0 7 4 3  
2 1.1250 It. ,625 . P 4 5 6  C  . C 4 5 6  4 3 .  35P5 c, . C t P P  9  . 1 8 8 9  4 ,  , 6 9 4 4  2. ,C5Cl 0 . 0 4 0 6  1 8 .  71)94 C.03S2 
1 9 . 5 C C 0  9 .  75C0 2. ,  7 9 5 6  c . n ? 5 4  /5. . 0 1 4 5  c ,  . C f l A  8  .  7 4 1 4  . 3 7 0 7  1. . 6 6 3 7  c . 0 2 5 4  1 7 .  , 0 8 1 3  O.C365 
i9.5rco 9 ,  7 5 r c  5 .  , ( : 3 2 0  f . C 7 t  1  4 5 ,  .0262 n .  r r i 4  
9 . 5 6 ^ 0  4 .  7B20 2. r70l c . 0 4 5 6  25. . 6 8 1 6  0. 0399 3 INC^ CYL 
9 . 5 6 6 0  4 .  7 8 Î C  2, .6837 c .0 304 2 4 .  , 0 1 3 9  0. . C  3 9 9  3 6  . 2 1 4 3  12 . 0 7 1 4  3, , 6 4 4 6  c .0710 2 2 ,  2689 r.1235 
3 6  .2143 1 2  .0714 3. ,£102 c .0659 23. ,2812 C. 1 2 2 5  
3  I N C H  C Y L  3 4  .9655 11, .6552 3 ,  3133 c .076 1 20. . 2 4 4 5  C . 1 1 9 2  
3 6 . 2 1 4 3  12. 0 7 1 4  4 .   7 2 1 4  c .08 I 1  28. 1645 G,  .1235 3 3  . a c c o  11. ,266 r  3. 5617 c .076 1 21. ,7628 0.1152 
3 4 . 9 6 5 5  1  1 . 6552 4 ,  . £ C 4 2  c .C71C 28. . 6 5 P 6  c .  . 1 1 9  2 W  .  7 C 9 7  10, . 9 0 3 2  3 ,  , 6 4 4 f t  c .0761 22. , 2 6 8 9  0.1115 
34.9655 11. 6552 4 ,  3072 0 . 0 9 1 3  25, , 6 9 1 9  0, .1192 2 0  . 6 9 3 9  6 .  . 8 9 6 0  2 ,  , 4 0 2 1  c . 0 3 C 4  14. , 6 7 7 3  0 . C 7 C 5  
3  j.eooo 
. 1 1 .  2 6 6  7  4 ,  .7214 c  . 0 7 1 0  28, 1645 0 .  . 1 1 5 ?  1 7  . 4 8 2 8  5. ,8276 3 ,  3133 c . 0 6 0 8  2 0 .  , 2 4 4 5  0 . 0 9 9 6  
2a.l'67 ,3«e9 4  .0557 c .0659 24, .2116 c ,  .C9f 0 I T  . 1 8 6 4  5 ,  , 1 ? t Q  2 .  c . 0 4 0 6  1 8 .  , 2 2 0 0  0 . C 5 8 6  
2 7 . 4 C 5 4  9 ,  1351 4 ,  . 2 2 4 4  0 .0507 25, 1990 0  . r 9 i 4  
21.1250 7 .  0 4 1  7  4 .  4  729 c .0913 26, 6822 0. ,C7?0 
1 8 . 1 C 7 1  6 .  035 7 i .  ,3133 c .0710 19. ,  7 6 4 6  0, .061 7 
Fig, 42. (Continued) 
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M (IK SANCt l(AM S*NCt ICAM 
CAIIllS IXCM^NGf CiPAf. i n  ' • 7 .f/ Mft/lCO CAMS C1T lUN tXCH^Nf.f CAPACITY  -  ? ,  .67 WtC/lCO CM*KS 
PCHLI N 1 ^.ANt- • fC.7 PfKCCM SAAC • 7C.7 
pfMcrM siif . I /.r prwrcM SUT • 17.0 
PfHCrM CLAY • IV^ pr K.EN; CLAY - u.e 
iFKPrmrtRf • / n .  r jr.Hf Fs f AH«^N^•E r i TEPPt«ATUKt - ?7. tfCRUS f AkREM-E 1 T 
PHT -, I'.LMf. OAT. i  H(-A|;|Nr, / r i .  PKrSSLMf; CLOE »<FAOING •  400 .  
f o r ,  .TL»f •  t .  4  prqc^KT  . 2 KUISTLHF • 6.3 PC MCFM - 2 
UChSI!* . U U 1 PI.IjM ^/Cl.i'lC fC(. 1 - 2 RCN^ITY « 1(7.0 PULNCS/CCMIC *LC; - 3  
V( I . 5TM-NAIR  SMf AR LISP. VCL. STR-BAIC ^Hf *R CISP. 
i N / s r c  IN/IN-UC L"S/ «L IN IN S/hl V/ ^  i N / s r c  IN/IN-SEC LflS/SC IN I N  S/kC v/ycT 
INCH CYL 2 INCH CYL 
? h , r c c o  n .  n c c n  4C4  7  C .  C A C R  4ft. I 77? 0 .  ICK>  7 3 .  W. T9C7 S.ÎU5 C .C6L8  TS .  2  107  L.CSfS 
. c c c o  11. r c t n  •>. C VO C .  OF. ' ) 9  47.vn/9 ( . K»6 7  1 . ( 455  11 .S77  7  8 . *730  0 .C5C7  69 .  7410  0.09(7 
11. 79C7 6 .  • ) 7 î O  c ,  n6')9 ss.7;si r .  C9hS 77 .SMI  11.75t7 7.4548 C.C355 f)0. 7 1 ^ 6  L.0941 
II. 79C 7 t .   n c 7  c .  s;.',4(:m L  . 71 .17S0  IC.S62S  7.8776 C.04S6  61 .  7774 ( . c e t 2  
11. ? b i  r  6. V 7  » C  r .  0 6 S 9  S ' , .  77S I  c. CSIL  7Û.7AC0 IC .14 (0  8.7003 C.0456 66. 7 3*2 0 .0847 
10. / «  / ?  6 .  t , /  » n  c .  , ) 6 C H  \^.f7Sl r ,  C9F  I  19.1 VI 9 .S6É0  8 .366  7  C.0659 67. 7416 (. ,C 7<;9 
20.6919 10. MtO s. c  v n  c. 47.'5fl70 r. Cf64 18.7778 9.lHt9 8 .  F594  C.0456 70. 7545 C.C ?T4  
19.^CC0 9 .  /sec 4 .  4  F /9  c. .n4bft W I . / H 3  0. CP 14  lH.77?a 9.18f9 9.6913 C.045A 78. 7815 0 .0784  
9 .6571  s. n ? f  6 1 .  < i l  1R c .  O l S b  31 .4  JM c .  C4(  1  9.CS)6 4.576m 6.3)66 C.03C4 51. 1841  0.C3/8 
9.5^60 4 ,  7M j O  1 .  ' . 1  *M  c .  07* )4  J1.4i51 c. G  K 9  6.S710 4.7AC5 ^ .9639  0.0355 4 8 .  1732 r . C 3 ! 6  
(SCK CYL  3 INCH CYL 
*? .7^RO l « .  n o n  4 .  P04?  r ,  • onu 77.1611 r ,  1440  44.0*70 14.6957 7.9518 c . o e i i  42 .  P7C7  C . I S C )  
I ? ,  0714  1  ! •> • )  c .  U4C% 7).74(13 C . I7'5 40 .S6C0  13.5JC0 7.670S c . o a i i  41 .  0365 0.13^3 
1? .7C17  K. 901? ' i  . 9A19 c. n . 0 <  « î f l  f  .  I l l s  73.r45S 7.6«IB 7.7892 C.03C4  39. 7V23  C.C7P6 
17. 7C97 lu. 90  Î ?  4 .  PC47  r ,  OFTCH /f.lNl) 1115  7 7 . 5 1 1 3  7.5111 8.94:,8 c .06ca  48 .  1732 C.C 7t8 
?9.P?1S 9. 941? •>. 79n7 c. QSC7 11,0771 c .  IC\7 71 .17SO 7.041? 7.6205 C.04C6 4 1 ,  0365 C.CLPO 
u. 7 r rn ?*»s » 1 .  S 7 * Ï9  c .  , n 7 ' ) 4  77.643m c. .CT40  70.7800 ft,7600  r^. 1735 C.0355 1 8 ,  3602 C.0691 
1«,7I7B A. 2591  4. c .  C4Î6 79 .74*1  , r t 4 0  14.6957 4 .«9 (6  6.7093 C.0355 36 ,  1299 0.C5C1 
m??A 4779 c. ,R4BT  75.4 743 ,C5S6 W.U 354 4 . 2 7 ( 5  7.6705 0.0456 41, ,0365 0.0438 
NOKFCLK SANCY LOAM N L 4 f C l K  S A H C Y  LCAH 
CATlUN ruCMANCF CAPACIlY • ? .67 MfC/ICO CHAP'S CATKJN C"CHANGE CAPACITY • 7 • 67 1 MFC/ICO CHAM 
PTKflfM SANO 1 •  70 .7  PFHCFNI tANO - 70.7 
PFHCrNI SILT • 17.0 PEHCEM SILT • 17 .0  
PFMCFM CLAY .  • U.R PC«CCM CL*Y • 17.8 
TRMPRRATURF '  f fl. nrcRFt s FAHRfsvr i T TEFPERATURTE • 68. OEGHEES PAMRENHEIT  
MHCSSUHf CAR.F  NFADIsr. 5%. PKESSLflE GAGF REARING • 95. 
KOI' V T t R P  •  8 ,  1  PTRCFM 
-  3  K O I S T L H E  •  8 . 4  P f - K C E N f  -  3  
OfSSITY • 97. 4  PUIiNCS/CLH IC fCCI - 1 DENSITY • S9.5 PCLN0S/CL6IC FCCf. 2 
VU. S T H - RAIF S H f  AH I ISP. VLL. STR-RATE SMF.AR  C I S P .  
IN/5FC IN/IN-SK , LMS/SQ IS IN S/hl. v / y t T  IN/SFC IN/IN-SEC LflS/5C IN IN S / h U  v / v c :  
INCH CYL 2 INC»' CYL 
U .',??7 I , C C f t 4  c  .0SC7 9 . 4 K 9  r  7  77.4C54 13.7077 3.C56*j C .C558 76 . 5482  C .  1 1 4 4  
? 0 . 6 9 1 9  U  .  14(9  I  r  .L4S6 14 .<191  c .Cf.f 4 74.7117 V2 .36 I9  7 .66 )7  C  . C 4 C t  73 ,31C6 C.lC?i 
?0.?'C0 IC . I 4CC 1  . 3r4h c  .C7Ï4 1 7 . 1 9 1 1  c  .re47 7 4 . 1 4 7 9  17.0714 7 . 6 0 1 2  C .0553 7 7  . 6611  C . 1 0 C 4  
19.SCCU . f ' . C O  1  . l'»7H c  . I J 7 C  J  I I . isu 0  . C «  1 4  7 4 . 1 4 7 9  17 .0714  2.6092 C.C5C7  22  o . i c r f l  
I 9 .N? I  9  . S 6(C 1  . 7 S 1 9  c  .04b'!) 16 .  1H19  0 .07S9 74 .  14?9  17 .0714  7.7956 C .0558 74 .7819 0 .lOlM 
I  7 .  7 ( « < 3 5  e  , m 4 7  . 1 1 1 7  c  . 0 7 S 4  LC.4SF ,5  c  .C 74 1 77 .0415  11.0717 7.7364 C.C355 1 9  , 4755 O . C S 3 0  
lî.fCCO 1  . P P C O  1  f t  y  c  . C H 4  | 5 . f , 4 4 d  (, .  C  f c  1 1  70 .6919  10.3469 7.3110 0.0507 70 , 0710  U . r g 6 4  
l î . f t r C O  7  - n c c n  1  . 1 9 / M  c  . 0 7 0 1  11.15)6 f . 0 6 1  I  19 .5000  9.75C0 7.6097 C.0456 77 .663 1 ' ' ^ . 0614  
m . M 7 4  4  »4Ct7 I  . 4'5lO c  .0754 I  1 . 9 4 7 0  c  . C I ' O  10.5675 5.7813 2.5)46 C . C 4 5 6  22  .0156 0.0441 
7 .FCPIA  » .»4C9 1  . 4110  r  . 01C4  13.9470 C .03/1 JO. 3469 5.17:5 2.2364 C.C355 19 .4755 C.C437 
lNf> CYL 3  INCH CYL 
w  2  . P i l l  c  .OfeS'> \ R . r f * c  C  . l i s ?  ? S . 1 ^ C 0  &.45C0 2 . 3 1 9 3  C.03C4 13 , 43C0  C.C8f4  
1  . 9417  ? , 4R49  c  .04")# 15.4'M: c  .ICI 7 75.3SC0 8.45CC 2.7A61 C.C254 13 .7381 C . C C M  
?< . .U?9  I I  .C4  I t ,  7  . lb)A c  . r i C 4  I 1 . 4 7 S 7  r . C H ; 3  74.7317 8.2439 2 .4849  C.0355 14 . 1893  0 .0LF43  
/ 4 U 4 ; 9  . 1 )4  FFT  / .Îft7f c  . ( ; 7 ' 34  U . . o n / 5  c . 0 4 ^  1  74 .14 ? 9  8 .0476  2.4021 C.03C4 1 3  . 9 ( 1 9 6  0 . 0 8 7 3  
? 4 . : 4 ; 9  H  .04 l b  7 ,f Ifti c  .04rft 17 .5S^FT  r .CP71  71.5PI4 7.H6C5 2.5676 C.04C6 14 0 .0814  
7  . 1915  J  . ni(, r  . J i t s  I 1.47S7 f .0736 7i. s m i 4  7.8605 2.7364 C.C4C6 1 7  .9503 r . . c e c 4  
ZLUFTO J  .C4  J  7  ? . IMFT  c  . c i t s  13 .47« .7  c  . c 7 ; c  ?C.7»C0 6.76C0 1.4ÛH1 C.0456 8  .1519 0 . 0 6 9 1  
16.SCC0 b  •  B IN  1  •  SFLDO c  . C 1 5 b  17 .3V79  t .05 )6 70.7MCO 6 . 7 6 C 0  1.2479 C.0355 7  .1946 0 . C 6 S I  
Fig. 4-2. (Continued) 
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MHTCIK SANCV ICAM \CwrClK SANCt I LA "  
CAHOK r KCHASnC CAPACMY • 2.67 MC<,/lCO CRAWS CATION [XCH%Nr.( CAPACITY • ? .<7 ML/lCO GhAP^ 
PKkCf.M SAND •  70 .?  PErtCCM SAhC " 70.2 
PC^CM SILT - 1 7.C PfKCrST SI L T • 17.0 
PFKCTN » CLAY  • 12.P PEHCFM CLAY • 12.P 
TCHITRifLWC • 67. rrr.RffS FAhRCNhCir TEKf^h**' Tl.RE • 60. CeORtkS MHRtNPtlT 
P«lSSUHk GAnt HtAC1NC 2CC.  PRt SSLfE GACf RF AO ISO 50. 
fCISTLWr • 8 .1 PffCrM - 3 ^UISTL'E • IC .5 PrtC'NI• L 
CChSIM "ICP. 2  HL IJSNS/CL -L ' IC  fLCI - 3 nCNSITY •ICO. 3 PLLNCS/CLOIC fCCT - 2 
VEL . STrt -HAU SUF AR LISP. VCL. STP -KAIE SHE«K ClSf. 
IN/SFC IN/IN-Spr LHS/Sw IN IS s/*r v/VCT IN/SCC IN/IN-UC LyS/SL IN IN S/WO V/ ^  
2  INCt- CYL 2  ;.vc^ CYL 
i9.n?i 9 . 36 (C  3  .si3n C .0213 31 .2409 (, .C759 24 .7317  12  . 3659 1 . 7P92 C.0456 15.4114 C.1C23 
4 ,  9 .  2  112  1  . <410  C . 02 -34  2P  , 2  7;n f, . r i i f )  23.C455 1  I  .5227  1 .  3419  C.0254 11.55mA C.C962 
ih.scro R .4bC0 4  . 2H65  c . 0203  34  . 2V50  ( .  .C /C6 20 . /OCO IC . 14CC 1 . 3791  0 .020 )  11.P797 c,oe4 7 
16.35*6 (1 ,  1  774  3 . Uh3 c .CC  J  25 .29^7 c .C6^3  IV.5CC0 9  . 75C0 1  . 6020  C.0254 13.8061 c.cei4 
IS.< cco 7 .nccc 3  .  72  74  c .C223  29  . 7609  . r fc 5 1 1  8 .4  364  9 .2U7 I . 3046 C.03C4 11.2)75 0.0770 
1 •>.hCCO 7 .BCCO 4  .  IC02  c .03C4 32  . 73 /0  c .C651 1 H . 4 1 ù 4 9 . 2U2  I ,4910 0.0201 12 .H4P9  C.07T0 
I3.i4yi 6 .6711 3 . 5410  c . 020  \  2P  . 27?8  ( J  . 0 5 7 18 .4364  9 .2162 I .  1028  C.0223 10.2743 0.0770 
IÎ.IfPfl t  . 5P44  .C256 c . 0254  i ?  . 1417  c .   r 5 5 0 16 .  3548  8  .1774 1 .0809 C .0254 9.3111 0.0663 
0.4^c0 4 .22t0 .4 729 c .04C6 35  .7131 i .  0 35 3 9.2182 4 . 6091  1 . 5655 C.C2C) 13.4850 0,0365 
m.C476 4. 0220 4 . 1002 c .C5L 7 i 2  . 7 3 70 8.8947 .4474 1 .4910 C.0254 12.8429 C.C371 
1 INCH CYL 3 INCH CYL 
12 .0714 2 .M63  c .C5C7  14 . 9907  ( .  .1225 31.6P75 10 .5625 2 . 3b24 C.C659 13.5068 0. ICfcO 
1 1 .65*2 3 .  L648  c .06ÛQ 16 . 31 34 0 ,  .11S2 28.1*67 9 .  38e9 1 .  t/ 2 )  C.0355 10.4646 G.C960 
14.9655 11 .f.5î2 2  .  73)4  c . 0608  14 . 5498  0  . 1192 28.1667 9 .3Bt9 2 • C 708 C.04C6 11.P915 O.CSf0 
îî.fCOO U .26t T ? .t414 c .^6Ck 15  . 1670  c. . 1152  26.t Ç42 H . 8947  1 . 9880  C.C)C4 11.4159 f.C910 
11.6975 IC .5625 2 .3143 c .C629 1? . 3453 c . icto 25.35C0 8  .45C0 2 . 7P31 C.0355 15.9822 0.0664 
IS.bCCC 6 .t>OC0 I .57 JR c .0355 8 . 3771  .0665 21.1250 7 .0417 2 .  15)6  C.0)55 12.3672 C.C720 
I5.P436 5 .2913 2 .319) c .0355 12 .3453 c .C540 20.28CO 6 .76(0 I  .7892 C.0Î55 10.2743 C.C6S1 
It.5636 5 .1212 1 .954« c «0456 10 .4053 .0524 18.1071 6 .0)57 1 .9680 C.03C4 11.4159 C.Q6I7 
NCRFCLX SANCY LCAM NLRFCLK SANCY LCAM 
CATKJS exCHANGf CAPACITY • 2.67 ^ FC/100 GRAfS CATION E*CHANCF CAPACITY • 2 .67 NFU/ICO GRAMS 
PÊKCCM SAND • 70.2 PEHCFNT SAND 
- 70.2 
MFKCFM SILT • I 7.0 PERCENT SILT •  17 .0  
PtKCf-M 1 CLAY • 12.P PERCENT 1 CLAY • 12.i 
IE>'PrRATURt » te. CCGRCES fAhRfSHEIT TEKPfRATURE • 68. HEGREES FAHRENHEIT 
PMCSSUMC Gf^C MEAIJ ING HC. PRCSSUHE GACE HEACING • 200. 
KOISTLF IP  • IC . 2  PfRCrSf 
— u  MOISTLWE • IC .4 PERCFM - i 
CfcNSITY •1C6. 1 PLuscs/cieic FCCT . 
- 3 UENSITY '113. 6 PCUNOS/CLfilC rCCT - ^  
VFL. 5TH-•RATE SHfAK CISF .  VtL. STR-•RATE SHEAR CISP. 
IN/sec iN/IN-bkC IK l ^  S/WL IN/SEC iN/IN-SfcC LRS/SC IN IN S/k.C v/XT 
? INC»- CYC 2 ISO' CYL 
?5 .35C0  12 .  6750  ? . 3110  c .0456 IP  .H I  ' 5  c.  IC5H 22.5'33 11. 2667 5. C320 C.C426 3P .2640  0.C941 
? \ . b r ' . b  IC. . 70  1 2  ? . f C'*2 c . 0355  21  .24 1 I r, .C9i 1 18 .7778  9. , 30K9 3 .  354  7  C.C3C4  25.5093 0.0764 
?l .1250 vc. ',625 7  .C5C I  c . 0214  It .tA94 c, .  C P > 2  If.7778 9 .  3Pt9 3 .  72 74  C.C3i, 4  2P.3437 0.0764 
?1.1750 IC 2  .  £ )04  I . C 3 5 5 10  , 2 ( , h  7 .cef 2 1H.1C71  9 ,  .0536 3 .91 38 C.0254 29 .7609  0.0756 
19.SCC0 g, . f5CC 2  .  #.0 '»2  c . - 1406  21  . ?4 I  1  . 0614  18.1C71 9, .0526 3, . 9138  C.02C3 29.7609 0.0756 
l'). 7 7 7m • i .   *He9 ?. . 5346  c . 0456  2C . 6342  c, .C7^4 16.3548 f,, 1 774 3. ,kC20 C.02C3 21.9106 C.06P3 
13 .CCC0  .'.Of 0 2  . 2364  c . 0254  IK  .206 7 c.  0543 16.095? ,04 76 3 .  1683 C.0254 24.0921 0.0672 
I2.d3t:4 ,41» 7 1  .  7BV2  c . . J2C3  14 .  565  3  c. 0536 15.6CCC 7. noco 2. 42^8 C.0152 18.4^34 0.0651 
10.3469 .1735 I . P6 ! 7 c . 01C4  15  .1722 0 ,  .04?? 6.3375 3. 16(8 3. 2547 C.C3C4 25.5U9) C.0265 
O.ttfU . 7 fl ? 0 1 .677) c .0355 I' .6550 c. 03^9 6.259) 3 .  1296 3 .  , 3547 C.02C) 25.5093 t .0261 
1 INC»- CYL 3 INCH CYL 
1C.7773 i c . .   >424  2 . 5 6 7 B c .0254 13 .9)60 c. . 1048  28.9714 9 .  6571 5, ,7154 C.05C7 28.9735 0.C9E8 
? B . 'f M 4 .6571 2  .4021 c .0254 I  3 .NC9  c. .CTt-P 23.0455 7. 6R1H ) .  9 759 C .0355 20.1555 0.0766 
2 3.1814 .H6C5 ? .2364 c .020 3 12 . 1 378 0, .CCC4  22.C435 7. 3478 4«  , 2404 C.04Ct 22.C031 C.C7Î2 
22.533) I  .SMI 2 . 3 i 'M c .02C J 12 .5873 c. . ^768  22.0435 7. )'.7C ,6336 C.U203 23.5148 0.0752 
20 .6139  f > .  2 .4021 c .0254 11 .r369 c. C7C5 21.5745 7. 1915 55b7 C.0304 23.0949 C.C736 
M. 7 77H 6, .25S3 .C70R c .0254 11 . ?3P7  0  C  .Ct40 M.5CC0 6 * 5CC0 4«  4729 C.03C4 22.6750 r.C665 
im.43( 4  t  .14 5 5 2 .5678 c .C3C4 13 .9360 0. C6?9 17.7R95 5. 9298 3. ,ei02 C.0254 19.3157 0.0606 
17.4076 5 .6276 2 .73)4 c .0254 14 .n )50 G. 05S6 17.4P2B 5. B276 3, , 7274 C.02C) 18.6956 G.C596 
Fig, ^-2, (Continued) 
